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FIG. 1. Cellular association time-courses of ["PIpCMV-Luc in resident macrophages (A), elicited mamphages (B), and CHO-Kl cells 
(C). These cells were incubated with [3ZP]pCMV-Luc (0.1 ,ug/ml) at 37 "C (closed circle) or 4 "C (open circle). Each point represents the mean 
2 S.D. (n = 3). 

gated a t  4 "C and localization of the fluorescence was 
restricted to the cell surface (Fig. 5B). The uptake of 
[FlIpCMV-Luc was inhibited by the presence of poly[Il 
(Fig. 5 0 ,  but not by poly[Cl (Fig. 5D). These results 
were very consistent with those obtained with [32P]- 
p c  w - L u c .  

In  the gene expression study, resident macrophages 
were incubated with naked p C w - L u c  a t  concentra- 
tions up to 100 pglml. However, no significant lucifer- 
ase activity was obtained over this concentration range 
(data not shown). 

DISCUSSION 
-_ 

To date, various types of scavenger receptor families 
have been identified (16-21), and the roles of these re- 

ceptors have been thoroughly investigated in relation 
to the pathophysiology of atherosclerosis. Ligands of 
scavenger receptors are polyanionic molecules such as  
acetylated low density lipoprotein (Ac-LDL), oxidized 
LDL (Ox-LDL), poly[Il, dextran sulfate, and bacterial 
lipopolysaccharide (LPS) (22). However, many polyani- 
ons including heparin, polyglutamate and poly[Cl are 
not. Ligand binding by scavenger receptors is indepen- 
dent of the divalent cation (23;24). h o n g  the scaven- 
ger receptor family, the ligandbinding specificity of 
class M I  scavenger receptors has been studied in de- 
tail. The extracellular collagen-like domain of the re- 
ceptor is highly cationic and, thus, is a likely site of 
polyanionic ligand binding (25-28). The spatial distri- 
bution of the positively and negatively charged side- 
chains in this domain play a critical role in distinguish- 

Concentration (pglml) Specific Binding (pg/mg-Protein) 

FIG. 2. Concentration-dependence of [32P]pCMV-Luc binding in resident macrophages represented by a normal (A) and Scatchard (B) 
plot. The cells were incubated with 0.1-2.5 ,ug/ml [32P]pCMV-Luc at 4 "C for 3 hr. Each point represents the mean 2 S.D. (n = 3). 
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FIG. 3. Inhibition of cellular association of [32PlpCMV-Luc with resident macrophages at  4 "C (A) or 37 "C (B). The cells were incubated 
with 0.1 pg/ml [32PlpCMV-Luc for 3 h r  in the presence of various inhibitors. Each point represents the mean z S.D. (n = 3). N.D.; not 
determined. 

ing between polyanionic ligands that bind and those 
that do not (12). 

The present study has demonstrated that plasmid, 
bacterial DNA, is taken up by the resident macro- 
phages in a specific manner for polynucleotides includ- 
ing salmon sperm DNA (Fig. 5). The results of competi- 
tive inhibition experiments using poly[Il, poly[Cl and 
dextran sulfate. lead to the hypothesis that plasmid 
DNA may be recognized by the class AL.41 scavenger 
receptor (Fig. 4). However, Pearson et al. have demon- 
strated that double-stranded DNA including plasmid 
DNA is an  ineffective competitive inhibitor of the class 

ceptor (29). Oligo- and polyribonucleotides are required 
to form a base quartet-stabilized four stranded helix 
(quadruplex) to bind to class AI scavenger receptors. 
This conformational requirement accounts for the 
polyribonucleotide-binding specificity of scavenger re- 
ceptors: poly[Il, poly[Gl, and other polynucleotides are 
expected to exhibit stable quadruplex binding, while 
poly[Cl, a double-stranded DNA, and others that do not 
expected to form such quadmptexes, fail to bind. Lau 
et al. also reported that expressionCof class A scavenger 

incubated with a tracer amount of [ 3 2 ~ ] p ~ I v ~ - ~ u c  for 3 hr in the FIG. 5. Uptake of [FllpCMV-Luc by resident macrophages. The 
presence of 0.1-10 pg/ml unlabeled pCMV-Luc (open circle) or salmon cells were incubated with 5.0 pg/ml [ F I ] ~ C ~ W - L U ~  for 3 hr  a t  37 "C 
sperm DNA (closed circle). Each point represents the mean z S.D. (A) or 4 "C (B). The uptake at  37 "C was inhibited by the presence 
(n = 3). of 50 pg/ml poly[Il (C), but not by 50 pglml poly[Cl (D). 
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receptor in elicited macrophages was similar to that in 8. Sparwasser, T., Miethke. T.. Lipford, G., Borschert, K., Hacker, 

resident macrophages (30). However, cellular associa- H., Heeg, K., and Wagner, H .  (1997) Nature 386,336-337. ~ 
tion of [ ~ ~ P I ~ C M V - L ~ ~  in elicited rnacrophages was sig- 9. Kawabata, K., Takakura. Y. ,  and Hashida, M. (1995) Pharm. 

nificantly lower than that in resident macrophages Res. 12, 825-830. 
10. Yoshida, M., Mahato. R. I., Kawabata, K., Takakura, Y., and (Fig. 1). Hashida, M. (1996) Pharm. Res. 13, 599-603. 

In Our recent we found that brain 11. Kodama, T. ,  Freeman, &I.. Rohrer, L., Zabrecky, J., Matsudaira, 
microvessel endothelial cells could also take UP plasmid p., and Krieger, M .  ,1990, iVaature 343, 531-535. 
DNA in a similar manner to that observed in the perito- 12. Krieger, M., and Herz, J.  r 1994) Annu. Rev. Biochem. 63,601- 
neal macrophages in this study (31). In the endothelial 637. 
cells, low but significant luciferase activity was ob- 13. Pearson, A. M. (1996) Curr. Opin. Immunol. 8.20-28. 

sewed aRer incubation with naked plasmid D N A ,  14. Sambrook, J., Fritsch, E.  F., and Maniatis, T .  i 1989) in Molecular 
which contrasts with the results of the gene expression Cloning: A Laboratory Manual, 2nd ed. Cold Spring Harbor ~ a b -  

experiments in the present study. The uptake mecha- oratory Press, Cold Spring Harbor, NY. 
15. Wong, C-S., and Smith, R. L. (1975) Anal. Biochem. 63, 414- nism andlor intracellular fate would differ between cell 417. 

A high in macrophages might 16, Kodama, T., Doi, T., Suzuki, H., Takahashi, It, Wada, Y., and 
be involved in the phenomenon. 

I Gordon, S. (1996) Curr. Opi. Lip. 7, 287-291. 
i 
! 

Overall, the present has that 17. Freeman, M., Ashkenas, J., Rees, D. J., Kingsley, D. M., Cope- 
mouse peritoneal macrophages take up plasmid DNA land, N. G., Jenkins, N. A., and Krieger, M. (1990) Proc. Natl. 
by a specific mechanism mediated by a receptor like Acad. Sci. USA 87,8810-8814. 

the macrophage scavenger receptor. Further studies 18. Krieger. M. (1992) Trends Biochem. Sci. 17,141-146. 

are required to identify the receptor involved in the 19. Krieger, M., Acton, S., Ashkenas, J., Pearson, A,, Penman, M., 

uptake of plasmid DNA in macrophages. and Resnick, D. (1993) J. Biol. Chem. 268,4569-4572. 
20. Sawamura, T., Kume, N., Aoyama, T., Moriwaki, H., Hoshikawa, 

H., Aiba, Y . ,  Tanaka, T.,  Miwa, S., Katsuya, Y., Kita, T., and 
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