






3G to L). These results demonstrate that SCV are impaired for
fusion with compartments of the highly active endocytic route
reported for DCs (34).

To further characterize the compartment containing S. en-
terica serotype Typhimurium within DCs, we performed an
ultrastructural analysis of this compartment by transmission
electron microscopy (TEM). Infected cells were processed for
TEM as described previously (13). The TEM analysis demon-

strated two important aspects. First, intracellular serotype Ty-
phimurium cells appeared at all time intervals in membrane-
bound compartments (Fig. 4A and B). This evidence supports
the concept that serotype Typhimurium inhabits a membrane-
bound vacuole lacking LGPs. Second, clear differences in the
types of vacuolar membrane surrounding serotype Typhi-
murium SL1344 (wt) and SV4056 (phoP) were observed. Thus,
while the wt strain is mainly surrounded by a single membrane

FIG. 3. Fluid endocytic tracers do not reach the S. enterica serotype Typhimurium compartment in CB1 cells. (A to F) Cells were loaded with DX-TxR for 4 h prior
to bacterial infection. DX-TxR was removed, and after 30 min, CB1 cells were infected with the wt strain SL1344 (see text for details). Infected cells were fixed at 2 h
postinfection. (G to L) As a positive control for fusion with endocytic compartments, latex Fluospheres beads were used. All images shown correspond to the same
focal plane (0.3-mm width). (C, F, I, and L) Merged images. (D to F and J to L) Images are enlargements of the areas marked in panels C and I, respectively. The
arrows in panels G and I show beads located outside the cell. Images were processed with the Adobe Photoshop 5.5 software for Macintosh. Bars, 2 mm.
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FIG. 4. Ultrastructure of SCV in the mouse DC line CB1 at different times postinfection as observed by TEM. (A) SL1344 (wt), 4 h; (B) SL1344 (wt), 24 h; (C)
typical MHC class II multilaminar compartment present in an SL1344 (wt)-infected CB1 cell; (D and E) SV4056 (phoP), 4 h; (F) SV4056 (phoP), 24 h. Note the
presence of multilaminar structures surrounding the phoP mutant. L, lysosomal compartment (see reference 13). Bars, 1 mm.
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(Fig. 3A and B), the phoP mutant is enclosed within multilami-
nar structures, reminiscent of major histocompatibility com-
plex (MHC) class II compartments described for human and
mouse DCs (18, 26, 30). At a late infection time (24 h), 90 to
95% of the SCV containing the phoP bacteria display these
multilaminar structures (Fig. 4D and F). Unlike the case for
the phoP mutant, it was estimated that only 5% of the SCV
containing wt intracellular bacteria displayed the multilaminar
structure (Fig. 4B and C). These differences are striking con-
sidering that neither SL1344 (wt) nor SV4056 (phoP) is en-
closed in LGP-positive compartments (see above [Fig. 2]).
Together, these results indicate that wt serotype Typhimurium
residing within DCs is located in a vacuole unrelated to the
typical MHC class II multilaminar compartment, which has
been shown to play a direct role in antigen presentation (18,
26). The PhoPQ system could be involved in blocking fusion of
SCV with this specialized compartment. This assumption is in
concordance with the role assigned to the PhoPQ system in
preventing the processing and presentation of antigens by ac-
tivated macrophages (38).

The results described in this report show a new type of
interaction of S. typhimurium with a host cell type that has a
central role in the immune response. The hallmark of this
interaction is the intracellular survival, but not proliferation, of
the pathogen in a specialized compartment devoid of LGPs
and not related to the MHC class II multilaminar compart-
ment of DCs. Interestingly, other intracellular pathogens, such
as Listeria monocytogenes or Bordetella bronchiseptica, prolifer-
ate within the same mouse DC line, CB1, used in the present
study (13, 14). However, no data exist on how the intracellular
trafficking routes of these pathogens are modulated. Unlike
the case for other cells previously studied, S. enterica serotype
Typhimurium resides within DCs in a compartment lacking
LGPs and not resembling MHC class II compartments, which
might indicate that DCs are host cells with specialized func-
tions during Salmonella infection. Further investigations are
required to identify host markers present in the SCV of DCs
and the exact role of PhoPQ in modulating the host immune
response by altering the biological function of DCs.
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methylase mutants of Salmonella typhimurium show defects in protein secre-
tion, cell invasion, and M cell cytotoxicity. Proc. Natl. Acad. Sci. USA
96:11578–11583.

11. Garcı́a-del Portillo, F., M. B. Zwick, K. Y. Leung, and B. B. Finlay. 1993.
Salmonella induces the formation of filamentous structures containing lyso-
somal membrane glycoproteins in epithelial cells. Proc. Natl. Acad. Sci. USA
90:10544–10548.

12. Groisman, E. A., and M. H. Saier, Jr. 1990. Salmonella virulence: new clues
to intramacrophage survival. Trends Biochem. Sci. 15:30–33.

13. Guzmán, C. A., M. Rohde, M. Bock, and K. N. Timmis. 1994. Invasion and
intracellular survival of Bordetella bronchiseptica in mouse dendritic cells.
Infect. Immun. 62:5528–5537.

14. Guzmán, C. A., M. Rohde, T. Chakraborty, E. Domman, M. Hudel, J.
Wehland, and K. N. Timmis. 1995. Interaction of Listeria monocytogenes with
mouse dendritic cells. Infect. Immun. 63:3665–3673.

15. Hoiseth, S. K., and B. A. Stocker. 1981. Aromatic-dependent Salmonella
typhimurium are non-virulent and effective as live vaccines. Nature 291:238–
239.

16. Jones, B. D., N. Ghori, and S. Falkow. 1994. Salmonella typhimurium initiates
murine infection by penetrating and destroying the specialized epithelial M
cells of the Peyer’s patches. J. Exp. Med. 180:15–23.

17. Jones, B. D., and S. Falkow. 1996. Salmonellosis: host immune responses and
bacterial virulence determinants. Annu. Rev. Immunol. 14:533–561.

18. Kleijmeer, M. J., M. A. Ossevoort, C. J. H. van Veen, J. J. van Hellemond,
J. J. Neefjes, W. M. Kast, C. J. M. Melief, and J. H. Geuze. 1995. MHC class
II compartments and the kinetics of antigen presentation in activated mouse
spleen dendritic cells. J. Immunol. 154:5715–5724.

19. Larsson, M., M. Majeed, J. D. Ernst, K. E. Magnusson, O. Stendahl, and O.
Forsum. 1997. Role of annexins in endocytosis of antigens in immature
human dendritic cells. Immunology 92:501–511.

20. Lindgren, S. W., I. Stojiljkovic, and F. Heffron. 1996. Macrophage killing is
an essential virulence mechanism of Salmonella typhimurium. Proc. Natl.
Acad. Sci. USA 93:4197–4201.

21. Marriott, I., T. G. Hammond, E. K. Thomas, and K. L. Bost. 1999. Salmo-
nella efficiently enter and survive within cultured CD11c1 dendritic cells
initiating cytokine expression. Eur. J. Immunol. 29:1107–1115.

22. Martı́nez-Moya, M., M. A. de Pedro, H. Schwarz, and F. Garcı́a-del Portillo.
1998. Inhibition of Salmonella intracellular proliferation by non-phagocytic
eucaryotic cells. Res. Microbiol. 149:309–318.
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