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SUMMARY

To assess the role of the macrophage scavenger receptor type A (SRA) in immune activation by

CpG DNA, cytokine induction and DNA uptake were tested in vitro and in vivo using SRA

knockout (SRAx/x) and wild type (WT) mice. As a source of CpG DNA, Escherichia coli DNA

(EC DNA) and a 20-mer phosphorothioate oligodeoxynucleotide with two CpG motifs (CpG

ODN) were used. In vitro, both EC DNA and the CpG ODN induced dose-dependent increases of

interleukin (IL)-12 production by spleen cells and bone-marrow-derived macrophages (BMMW)

from both SRAx/x and WT mice. The levels of cytokines produced by SRAx/x spleen cells and

BMMW were similar to those of WT spleen cells and BMMW. When injected intravenously with

CpG ODN and EC DNA, both SRAx/x and WT mice showed elevated serum levels of IL-12. To

investigate further the role of the SRA, ¯ow cytometry and confocal microscopy were performed to

examine the uptake of ¯uorescently labelled oligonucleotides. SRAx/x and WT BMMW showed

similarity in the extent of uptake and distribution of oligonucleotides as assessed by these two

techniques. Together, these ®ndings indicate that, while the SRA may bind DNA, this receptor is

not essential for the uptake of CpG DNA or its immunostimulatory activity.

INTRODUCTION

DNA is a large macromolecule whose immunological proper-

ties depend on sequence microheterogeneity.1±5 While mam-

malian DNA is inactive, DNA from bacteria displays potent

immunostimulatory activities that resemble those of lipopoly-

saccharide (LPS).6,7 These activities depend on short sequence

motifs called CpG motifs or immunostimulatory sequences

(ISS).8±11 These motifs, which consist of a cytosine±guanosine

dinucleotide ¯anked by two 5k purines and two 3k pyrimidines,

are much more common in bacterial DNA than in mammalian

DNA.12 In vitro and in vivo, DNA containing CpG motifs

(CpG DNA) can activate B lymphocytes, macrophages,

dendritic cells and natural killer cells as well as induce

cytokines such as interleukin (IL)-6, IL-12, interferon-c

(IFN-c) and tumour necrosis factor-a (TNF-a).6±9,13±17 As

such, CpG DNA may serve as a `danger' signal to stimulate

the innate immunity, and has the potential to be used as a

stimulant and an adjuvant.18,19

Because of the potential use of CpG DNA as an

immunomodulator, there has been intense investigation to

elucidate signal transduction pathways critical to these

responses. In the murine system, these studies have shown

that immune cell activation requires internalization of DNA,

with DNA entrance into cells occurring by an endocytic

pathway.9,20 Subsequent events in stimulation include activa-

tion of stress kinases as well as translocation of nuclear factor

(NF)-kB.21,22

Various cell-surface proteins have been shown to play a role

in the binding and uptake of natural and synthetic DNA.23,24

Among these molecules, the scavenger receptor type A (SRA)

on macrophages has attracted interest as a putative `DNA

receptor'.25,26 The SRA was initially discovered by Brown,

Goldstein and colleagues for its role in the uptake of chemically

modi®ed lipoproteins, including oxidized and acetylated low-

density lipoproteins (LDL).27,28 The role of the SRA in

macrophage responses to DNA derives from studies showing

that DNA uptake and immune stimulation can be inhibited by

SRA ligands, including poly G, poly I, dextran sulphate, and

polyvinyl sulphate.24,25,29±32
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While studies based on inhibitors suggest that the SRA on

macrophages binds DNA, the analysis of SRA function is

complicated by the binding of SRA ligands to other surface

molecules and the existence of other `scavenger receptors.'

Recent studies using SRA knockout (SRAx/x) mice have

suggested that the SRA accounts for only a limited portion of

DNA binding to macrophages.33,34 These studies, however, do

not address whether the uptake of DNA by the SRA, even if it

accounts for only part of the total uptake of DNA, is critical

for activation of macrophages by CpG DNA. To clarify the

role of the SRA in responses to CpG DNA, we therefore

investigated the production of cytokines by macrophages and

spleen cells from SRAx/x and wild type (WT) mice. In data

presented herein, we show that cytokine production and DNA

uptake by cells lacking the SRA are similar to those of cells

that express this receptor. These ®ndings indicate that the

SRA, while able to bind DNA, is not essential for immune

stimulation by CpG DNA and that other receptors can mediate

this process.

MATERIALS AND METHODS

Synthetic oligonucleotides and bacterial and mammalian DNA

Oligonucleotides were purchased from Midland Certi®ed

Reagent Company (Midland, TX). The compounds were

synthesized using cyanoethyl phosphoramidite chemistry and

puri®ed by gel ®ltration. The sequences for a CpG-containing

phosphorothioate oligonucleotide (TCCATGACGTTCCT-

GACGTT, CpG ODN) and a non-CpG-containing phosphor-

othioate oligonucleotide (TCCATGAGCTTCCTGAGTCT,

control ODN) were taken from the literature.35 E. coli DNA

(EC DNA) and calf thymus DNA (CT DNA) were purchased

from Sigma Chemical Co. (St. Louis, MO). The dried DNA

compounds were dissolved to a concentration of 1 mg/ml in

distilled water and were sterilized by ®ltering through a

0.22-mm Millex-GV ®lter (Millipore, Bedford, MA). Optical

density readings at 260 nm before and after ®ltration showed

no loss of material.

To prepare ¯uorescently labelled oligonucleotides, oligo-

nucleotides containing an amino terminus were mixed with

¯uorescein isothiocyanate (FITC; Sigma) in a ratio of 0.1 mg

FITC/10 mg oligonucleotides in carbonate±bicarbonate buffer

(pH 9.5). After a 2-hr reaction at room temperature, unreacted

FITC was removed by gel ®ltration through a Sephadex G-25

column (NAP10 column, Phamarcia, Piscataway, NJ) followed

by ethanol precipitation. Boron dipyrromethene di¯uoride

(BODIPY-Fl)-labelled oligonucleotides were prepared with

FluoReporter1BODIPY1FL Oligonucleotide Amine Label-

ing Kits (Molecular Probes, Inc., Eugene, OR) following the

manufacturer's instructions.

Mice

BALB/c and 129 mice were purchased from Jackson Labora-

tory (Bar Harbor, ME) and ICR mice were purchased from

Harlan Laboratories (Indianapolis, IN). SRAx/x mice,

generated as described elsewhere,36 were the generous gift

of Dr Tatsuhito Kodama (University of Tokyo, Japan) and

were obtained from Dr Mason Freeman (Massachusetts

General Hospital, Boston, MA). Mice were housed under

conventional conditions in the animal facility of the Durham

VA Hospital.

SRAx/x mice were genetically produced by transfecting

murine A3-1 ES cells of 129 origin with vectors containing

disrupted SRA I/II allele and developed in ICR mice.37,38 These

SRAx/x mice possess a mixed genetic background of 129 mice

and ICR mice. Preliminary experiments were conducted to

compare DNA uptake and DNA-induced cytokine produc-

tion by spleen cells and bone-marrow-derived macrophages

(BMMW) from SRAx/x, BALB/c, ICR and 129 mice. No

obvious differences were observed among the four type mice

in their uptake of, or responses to DNA. Therefore, in this

report, control WT mice include BALB/c, ICR and 129 mice.

Strains of the mice used in individual experiments are speci®ed

in each ®gure.

Cell culture

To prepare spleen cells, SRAx/x and control WT mice were

killed by cervical dislocation and their spleens removed

aseptically. Non-stromal cells were expressed with ¯ame-

sterilized microscope slides into RPMI-1640 medium (Life

Technologies, Grand Island, NY). Suspended cells were

transferred to a 15-ml conical centrifuge tube and large debris

was allowed to settle. The overlying cell suspension was

carefully removed and centrifuged at 400 g for 5 min. The cell

pellet was resuspended in lysis medium (1 volume of 0.17 M

Tris, pH 7.6: 9 volume of 0.16 M NH4Cl) to eliminate red blood

cells. Cells were then washed twice with RPMI-1640 medium.

The ®nal pellets were suspended in complete medium consisting

of RPMI-1640 supplemented with 5% heat inactivated fetal

bovine serum (HyClone, Logan, UT) and 50 mg/ml gentamicin

(Life Technologies). Cells were counted using a haemocyt-

ometer and cell concentrations adjusted with complete

medium. Cells were plated at 1r106 cells/well in 96-well cell

culture plates (Costar Incorporated, Corning, NY).

BMMW were cultured from SRAx/x and WT mice. After

killing the mice, intact femurs and tibias were removed. The

bone marrow cells were harvested by repeated ¯ushing of the

bone shaft with RPMI-1640 medium. Bone marrow cell culture

was established at a concentration of 1r106 cells/ml in medium

consisting of RPMI-1640, 10% fetal calf serum (FCS), 50 mg/ml

gentamicin and 20% L929 conditioned medium as a source of

macrophage colony-stimulating factor (M-CSF).39 Absence

of the SRA on BMMW from SRAx/x mice was con®rmed

by staining with monoclonal anti-SRA I/II antibodies con-

jugated with FITC (clone 2F8, Serotec Ltd, Raleigh, NC)

and examined by ¯ow cytometry. Abundant surface expression

of the SRA was observed on BMMW from WT mice (data

not shown).

Cytokine enzyme-linked immunosorbent assays (ELISA)

IL-6, Il-12 p40/p70, and TNF-a secretion was measured by

ELISA using capture immunoassays. Culture supernatants

were removed at 6 hr (TNF-a) or 24 hr (IL-6 and IL-12

p40/p70), and frozen at x20u until analysis. ELISA plates

(Immulon II HB, Dynex Technologies, Chantilly, VA) were

prepared by coating each well with 100 ml of capture antibody

diluted to 1±5 mg/ml in phosphate-buffered saline (PBS)

pH 8.5. After overnight incubation at 4u, plates were washed

with PBS pH 7.4 using an automated plate washer (Skatron

Instruments Inc., Sterling, VA). 100 ml of culture supernatants

or serum samples from in vivo experiments diluted in PBS

pH 7.4 containing 0.5% bovine serum albumin (BSA; Sigma)

227Role of the scavenger receptor in DNA stimulation

# 2001 Blackwell Science Ltd, Immunology, 103, 226±234



and 0.5% Tween-20 (Sigma) were added to each well.

Recombinant cytokines were diluted in duplicate and run

on each plate as standards.

Samples and standards were allowed to incubate 2 hr at

room temperature. After washing of the plates, 100 ml of

diluted biotinylated detection antibody (0.1±1 mg/ml) was

added to each well. Following another 2 hr incubation, plates

were washed and 100 ml of diluted avidin peroxidase (Zymed,

San Francisco, CA) was added to each well. After a 30-min

incubation, plates were washed and 100 ml of a solution

containing 0.015% 3,3k,5,5k-tetramethylbenzidine hydrochlor-

ide (Sigma) and 0.01% hydrogen peroxide in 0.1 M sodium

citrate buffer pH 4.0 was added. Plates were read at 380 nm

with an automated microplate reader (Molecular Devices,

Menlo Park, CA) and cytokine concentrations derived from

standard curves. All the capture and detection antibodies

for cytokine ELISA described here were purchased from

PharMingen (San Diego, CA).

Flow cytometry

For oligonucleotide uptake assays, 100 ml of cells at the

concentration of 1r107 cells/ml were incubated at 37u with

1±16 mg/ml of FITC-labelled oligonucleotides in RPMI-1640

with 5% FCS. After 30 minute incubation, unbound oligonu-

cleotides were stripped by incubating cells in 0.2 M acetic acid

(pH 2.5) on the ice for 10 min, and washed three times in cold

PBSx2% BSAx0.1% NaN3 by centrifugation at 400 g for

5 min. Cells were ®xed in 1% paraformaldehyde±PBSx0.1%

NaN3, and examined by FACScan ¯ow cytometer (Becton

Dickinson, Mans®eld, MA). The acquisition was performed

with 10 000 events per sample. The list mode data were

analysed by using LYSYSTM II software (Becton Dickinson

Immunocytometry Systems, San Jose, CA).

Confocal microscopy

BMMW were cultured on glass slide coverslips in a 6-well plate

overnight. The coverslips with the adherent BMMW were

washed three times with Dulbecco's PBS (Life Technologies),

followed by incubation with culture medium with or without

10 mg/ml of BODIBY-FL-labelled CpG ODN or control

ODN, at 37u for 30 min. To assess the endocytosis pathway

of oligonucleotides, BMMW were simultaneously incubated

with 10 mg/ml BODIBY-FL labelled oligonucleotides and

1 mg/ml of Texas red-labelled dextran 70 000 MW (Molecular

Probes, Inc., Eugene, OR), a marker for pinocytosis (¯uid

phase endocytosis).40 After three washes with cold PBSx2%

BSAx0.1% NaN3 and ®xed in 1% paraformaldehyde±

PBSx0.1% NaN3, the slides were viewed for intra-

cellular distribution of labelled oligonucleotides and dextran

under a confocal microscope (Zeiss LSM 510, Carl Zeiss,

Oberkochen, Germany).

In vivo induction of cytokines

SRAx/x and WT mice were injected via their tail veins with

100 ml/mouse of Dulbecco's PBS (Life Technologies) with or

without 20 mg of CpG ODN or control ODN, or 200 mg of EC

DNA or CT DNA. Blood samples were collected by retro-

orbital bleeding 4 hr after DNA injection. Serum from the

blood samples was harvested for cytokine assays. This

experiment was performed three times, with two or three mice

in each treatment group.

Statistical analysis

All results are presented as meantSEM. Data are analysed by

one way ANOVA, and difference between experimental treatment

groups was assessed by an unpaired Student's t-test. P-values

<0.05 were considered signi®cant.

RESULTS

Cytokine induction with CpG ODN and bacterial DNA

To evaluate the role of the SRA in the response to CpG DNA,

cytokine production by spleen cells of SRAx/x and WT mice

treated with various doses of CpG ODN and EC DNA were

tested. Spleen cells from SRAx/x and WT mice demonstrated

a dose dependent response to CpG ODN and EC DNA, and

produced similar levels of IL-12 p40/p70 (Fig. 1). Spleen cells

from both types of mice failed to respond to either CT DNA or

control ODN under the same conditions (data not shown).

To assess further the role of the SRA in mediating DNA-

induced responses, cytokine production by BMMW treated
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Figure 1. Effects of DNA on IL-12 production from spleen cells.

SRA±/± and WT murine spleen cells were stimulated with various doses

of a CpG-containing oligonucleotide (CpG ODN) and E. coli DNA

(EC DNA), together with a non-CpG oligonucleotide (control ODN)

and calf thymus DNA (CT DNA) as controls. Supernatants were

harvested after 24 hr and assayed for IL-12 p40/70 by ELISA. CpG

ODN (a) and EC DNA (b) induced increased production of IL-12,

while control ODN and CT DNA did not (data not shown). The

different strains of mice used as WT mice are indicated. Results are

presented as meanstSEM.
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with CpG ODN and EC DNA were measured. BMMW from

SRAx/x mice showed a dose-dependent production of IL-12

p40/p70 in response to both the CpG ODN and EC DNA

stimulation, as did by BMMW from WT mice (Fig. 2). The

levels of cytokine production by the BMMW from SRAx/x

and WT mice were similar, indicating that the SRA is not

major factor in mediating DNA induced activation of the

murine macrophages. BMMW from both types of mice failed to

respond to either CT DNA or control ODN under the same

conditions (data not shown).

Like IL-12 p40/p70, TNF-a plays an important role in

innate immunity, and is produced by cells stimulated by CpG

oligonucleotides and bacterial DNA.16 When stimulated with

EC DNA or CpG ODN in the range between 0.08 mg/ml to

50 m/ml, BMMW from SRAx/x mice produced similar levels

of TNF-a as their WT counterparts (Fig. 3a). IL-6 was also

induced in SRAx/x BMMW at similar levels to their WT

counterparts in response to either CpG ODN or EC DNA

(Fig. 3b). The amounts of IL-6 and TNF-a production by

SRAx/x spleen cells were comparable to those by WT spleen

cells in their response to the stimulation by either CpG ODN

or EC DNA (data not shown).

Uptake of oligonucleotides by BMMW

To determine whether the SRA in¯uences the extent of uptake

of oligonucleotides, we incubated SRAx/x and WT BMMW
with 1±16 mg/ml of a dG oligonucleotide (dG30), which

displays preferential binding to the SRA.25 The oligonucleotide

uptake was examined by ¯ow cytometry 30 min after

incubation at 37u. SRAx/x and WT BMMW exhibited a

similar degree of dose-dependent uptake of dG30 (Fig. 4). A

similar time course of dG30 uptake was also found in these two

types of macrophages (data not shown).

Intracellular distribution of oligonucleotides

To evaluate further the possible involvement of the SRA in the

uptake of DNA, we examined the intracellular distribution

of ¯uorescently labelled oligonucleotides in SRAx/x and

WT BMMW by confocal microscopy. To test the possibility

that oligonucleotides are internalized through a pinocytosis

pathway, we incubated BMMW with BODIBY-FL-labelled

CpG ODN or control ODN together with Texas red-labelled

dextran, a hydrophilic polysaccharide that enters cells via

pinocytosis.40 Oligonucleotides and dextrans were peripherally

distributed in BMMW in similar patterns, and the two types of

molecules were mostly colocalized in same areas (Fig. 5). There

was no prominent difference between SRAx/x and WT

BMMW in the extent of uptake and the pattern of intracellular

distribution of oligonucleotides. These ®ndings indicate that

the SRA is not essential for the uptake of oligonucleotides, and

that a major portion of oligonucleotide uptake into murine

BMMW occurs by pinocytosis.

In vivo induction of IL-12 by CpG-ODN and bacterial DNA

Although in vitro experiments indicate at most a limited role of

the SRA in DNA responses, we decided to assess its role in vivo.

SRAx/x and WT mice were injected intravenously with 20 mg/

mouse of CpG ODN or control ODN, or 200 mg/mouse of EC

DNA or CT DNA. Serum IL-12 levels in both SRAx/x and

WT mice receiving CpG ODN were higher than those of mice

injected with control ODN, with SRAx/x mice having

signi®cantly higher response to CpG ODN than WT mice

(P<0.05) (Table 1). A similar pattern was observed in the

response to EC DNA. Control ODN and CT DNA did not

induce IL-12 from either strain of the mice. These data thus

suggest that SRAx/x mice may be more responsive to in vivo

DNA stimulation than WT counterparts.

DISCUSSION

Results presented in this study clarify the role of the SRA in

immune stimulation and indicate that this receptor is not

essential for either uptake of DNA into cells or cytokine

induction by CpG DNA. Previous studies on the role of the

SRA in mediating cellular effects of DNA were based primarily

on the ability of SRA ligands to inhibit the stimulation and

uptake of DNA.25,26,29±31 These studies suggested that the SRA

or a receptor with similar speci®city is involved in these
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Figure 2. Effects of DNA on IL-12 production from BMMW. SRAx/x

and WT BMMW were stimulated with various doses of CpG ODN and

EC DNA, together with the control ODN and CT DNA as controls.

Supernatants were harvested after 24 hr and assayed for IL-12 p40/70

by ELISA. CpG ODN (a) and EC DNA (b) induced increased

production of IL-12, while control ODN and CT DND did not

(data not shown). The different strains of mice used as WT mice are

indicated. Results are presented as meanstSEM.
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processes. By characterizing the in vitro and in vivo responses of

SRAx/x mice, we have provided evidence that, while the SRA

may bind DNA, other receptors can mediate DNA-induced

immune stimulation. In concert with other studies on SRAx/x

mice, these ®ndings suggest that DNA as well as other

polyanions can bind to a variety of cell surface molecules with

`scavenger' properties.41±44

The SRA was originally identi®ed on the basis of the

binding and uptake of oxidized or acetylated LDL.27,28 In

addition to binding modi®ed lipoproteins, the SRA interacts

with a variety of polyanionic ligands, including LPS, poly-

nucleotides, fucoidan and dextran sulphate.42 Although the

binding between the SRA and its ligands most likely re¯ects

ionic interactions, the preference of the SRA for certain nucleic

acids (e.g. poly G) as well as its failure to bind polyanions such

as chondroitin sulphate suggests that ligand structure as well as

charge contributes to binding speci®city. In the case of poly G,

the ability to associate into high molecular weight aggregates

as well as form the quadruplex structure may in¯uence binding

properties.45±47 As re¯ected in the expression of scavenger

receptors among species, the SRA appears part of an ancient

protein family that may play a role in host defence as a

pattern recognition structure binding foreign or degraded

self-molecules.42

A number of studies have indicated that the SRA mediates

in vivo and in vitro binding of DNA.25,26,29±31 These studies

were based mainly on competitive inhibition experiments using

SRA ligands, including polyanionic compounds (fucoidan and

dextran sulphate) and polynucleotides (poly G and poly I). As

we showed previously, SRA ligands including poly dG as well

as mammalian DNA can block the in vitro production of IL-12

and IFN-c by murine spleen cells.32 The inhibitory activity of
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Figure 3. Effects of DNA on IL-6 and TNF-a production from BMMW. SRAx/x and BALB/c murine BMMW were stimulated with

various doses of CpG ODN (CpG ODN-SRAx/x and CpG ODN-BALB/c) or EC DNA (EC DNA-SRAx/x and EC DNA-BALB/

c), together with control ODN and CT DNA as controls. Supernatants were harvested after 6 hr for TNF-a assay and after 24 hr for

IL-6 assay by ELISA. CpG ODN and EC DNA induced increased production of TNF-a (a) and IL-6 (b), while control ODN and CT

DND did not (data not shown). Results are presented as meanstSEM.

230 F.-G. Zhu et al.

# 2001 Blackwell Science Ltd, Immunology, 103, 226±234



mammalian DNA suggested that the SRA is not speci®c for

dG-rich DNA among nucleic acids and may be a major cell

surface receptor for DNA, with or without CpG motifs or dG

sequences.

Despite evidence pointing to the SRA as a DNA receptor,

recent studies by Takakura et al. and Butler et al. using

SRAx/x mice indicate that this receptor is not essential for

DNA uptake.33,34 Takakura et al. observed similar levels of

uptake of plasmid DNA into macrophages and multiple

organs, including the kidney, spleen and lungs, from SRAx/x

and WT mice.33 Similarly, Butler et al. reported that the in vivo

organ distribution of oligonucleotides in SRAx/xmice was

similar to that of WT mice.34 In the current study, we examined

the cellular uptake of oligonucleotides by BMMW cultured

from SRAx/x and WT mice. Using ¯ow cytometry, we showed

that SRAx/x and WT BMMW exhibited similar levels of the

uptake of dG30, an oligonucleotide considered to be a

preferred SRA ligand. Furthermore, using confocal micro-

scopy, we showed similar intracellular distribution of oligo-

nucleotides in SRAx/x and WT BMMW. These ®ndings

suggest that uptake pathways for oligonucleotides are similar

in SRAx/x and WT mice.

Figure 5. The intracellular distribution of CpG ODN in BMMW. SRAx/x (a, b, c) and BALB/c BMMW (d, e, f) were simultaneously

incubated with 10 mg/ml of BODIPY-labelled CpG ODN and Texas red labelled dextran at 37u for 30 min. The distribution of CpG

ODN (green) and dextran (red) was assessed by laser scanning confocal microscopy after incubation. Photographs (c and f) show the

colocalization of CpG ODN and dextran (yellow) in the cells. Magni®cation, r 630.

Figure 4. Uptake of oligonucleotide dG30 by BMMW. SRAx/x and

BALB/c BMMW were incubated with 1±16 mg/ml of FITC-labelled

dG30 at 37u for 30 min, dG30 uptake was assessed by ¯ow cytometry.

Both SRAx/x (upper panel) and BALB/c BMMW (lower panel)

displayed similar degrees of dG30 uptake.

Table 1. Serum IL-12 p40/70 levels in mice injected with synthetic and

natural DNA

SRAx/x mice BALB/c mice

PBS 25t10 10t6

CpG ODN 255t45*{ 133t46*

Control ODN 7t4 4t3

EC DNA 291t197* 146t109*

CT DNA 61t48 14t9

Groups of SRAx/x and BALB/c mice (n=3) were injected via their tail
veins with 100 ml/mouse of PBS containing 20 mg of CpG-oligodeoxynu-
cleotide (CpG ODN) or 200 mg of E. coli DNA (EC DNA). Blood was
collected 4 hr after injection and serum IL-12 p40/70 levels were assessed by
ELISA. Control mice were injected with 100 ml/mouse of PBS or 100 ml/
mouse of PBS containing 20 mg of non-CpG-oligodeoxynucleotide (control
ODN) or 200 mg of calf thymus DNA (CT DNA). The data represent
one of three independent experiments. Results are represented as the
meantSEM.

*P<0.05 when compared with PBS group.
{P<0.05 when compared between SRAx/x and BALB/c mice.
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As demonstrated using confocal microscopy, oligonucleo-

tides and dextran, a marker for ¯uid phase endocytosis, are for

the most part colocalized inside cells, These observations are

consistent with the conclusion that the uptake of oligonucleo-

tides into cells occurs predominantly through absorptive

endocytosis and pinocytosis rather than passive diffusion.

Although a large number of cell surface molecules, including

Mac-1 (CD11b/CD18) and the SRA, can bind oligonucleo-

tides,20,23±25,42,48 the identity of the receptor critical for the

uptake process remains uncertain. This uncertainty re¯ects the

charged nature of oligonucleotides and the ability, especially of

phosphorothioates, to interact with proteins.49 Furthermore,

the pathways involved in DNA uptake in a given cell type may

be redundant.50

The results from our studies and those by Takakura et al.33

and Butler et al.34 indicate the limitations in assessing the role

of the SRA on the basis of uptake inhibition by putative SRA

ligands. Takakura et al. and Butler et al., in addition to

demonstrating similar DNA uptake by SRAx/x and WT mice,

showed that SRA ligands, such as dextran sulphate and poly I,

are equally ef®cient in inhibiting DNA uptake by macrophages

from SRAx/x and WT mice.33,34 Studies on the uptake of

modi®ed LDL by SRAx/x and WT mice have led to a similar

conclusion.51 Together, these results suggest caution in using

certain ligands or molecules to identify receptor interaction as a

result of the cross-speci®city.

While studies by Takakura et al. and Butler et al.

investigated DNA uptake in SRAx/x mice, they did not

address the issue of immune stimulation in these mice.33,34 The

studies presented herein, in addition to con®rming the

similarity of DNA uptake in SRAx/x and WT BMMW, also

demonstrate that SRAx/x and WT BMMW or spleen cells

display similar responses to CpG-containing oligonucleotides

and bacterial DNA. As shown for several cytokines, including

IL-6, IL-12, and TNF-a, the levels of the cytokines produced

by SRAx/x BMMW or spleen cells were similar to those of

their WT counterparts; the dose response for stimulation was

also similar. These ®ndings suggest that the SRA is not

essential for immune stimulation and that other pathways of

cellular uptake are involved in macrophage stimulation by

CpG DNA.

While the in vitro responses of SRAx/x and WT cells to

DNA were similar, in our in vivo experiments, we observed

that CpG oligonucleotides and bacterial DNA induced

higher levels of IL-12 in SRAx/x mice than those in WT

mice. These observations are similar to those from study of

Haworth et al.37 These investigators showed that SRAx/x

mice infected with bacille Calmette±GueÂrin (BCG) were more

sensitive to endotoxin shock and produced higher levels of

cytokines in response to LPS stimulation than WT mice.37

While these ®ndings suggest a role of the SRA in the scavenging

of LPS and DNA in the circulation in a non-activating

process,29±31,52±55 other studies indicate that the clearance of

LPS and organ distribution of oligonucleotides of SRAx/x

and WT are similar.33,34,56 These results, however, do not

exclude a more subtle alteration in the manner in which LPS

and DNA distribute in vivo in the SRAx/x mice and contact

macrophages and other cytokine-producing cells. In this

regard, processes such as infection may alter the number or

activation state of macrophages and thereby in¯uence the

role of the SRA.

The ability of the SRA to bind LPS without causing cell

activation has suggested that this receptor could serve a

protective role in host defence by `scavenging' immunostimu-

latory molecules with potentially deleterious effects. We are

interested therefore in the possibility that the SRA may

function as a scavenger for immunostimulatory nucleic acids as

well as for LPS, with a failure to remove CpG DNA from the

circulation leading to a greater response from the host. Current

studies are underway to address any protective function of the

SRA and to characterize further the pathways for DNA

uptake.
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