
INFECTION AND IMMUNITY, July 2005, p. 3937–3944 Vol. 73, No. 7
0019-9567/05/$08.00�0 doi:10.1128/IAI.73.7.3937–3944.2005
Copyright © 2005, American Society for Microbiology. All Rights Reserved.

Survival of Salmonella enterica Serovar Typhimurium within Late
Endosomal-Lysosomal Compartments of B Lymphocytes

Is Associated with the Inability To Use the Vacuolar
Alternative Major Histocompatibility Complex

Class I Antigen-Processing Pathway
Roberto Rosales-Reyes,1,2 Celia Alpuche-Aranda,2† Marı́a de la Luz Ramı́rez-Aguilar,2

Angel Denisse Castro-Eguiluz,1 and Vianney Ortiz-Navarrete1*†
Departamento de Biomedicina Molecular, Centro de Investigación y de Estudios Avanzados (CINVESTAV),
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Gamma interferon (IFN-�)-activated macrophages use an alternative processing mechanism to present
Salmonella antigens to CD8� T lymphocytes. This pathway involves processing of antigen in a vacuolar
compartment followed by secretion and loading of antigenic peptides to major histocompatibility complex class
I (MHC-I) molecules on macrophage cell surface and bystander cells. In this study, we have shown that B
lymphocytes are not able to process Salmonella antigens using this alternative pathway. This is due to
differences in Salmonella enterica serovar Typhimurium-containing vacuoles (SCV) when comparing late en-
dosomal-lysosomal processing compartments in B lymphocytes to those in macrophages. The IFN-�-activated
IC21 macrophage cell line and A-20 B-cell line were infected with live or dead Salmonella enterica serovar
Typhimurium. The SCV in B cells were in a late endosomal-lysosomal compartment, whereas SCV in macro-
phages were remodeled to a noncharacteristic late endosomal-lysosomal compartment over time. Despite the
difference in SCV within macrophages and B lymphocytes, S. enterica serovar Typhimurium survives more
efficiently within the IFN-�-activated B cells than in activated macrophage cell lines. Similar results were found
during in vivo acute infection. We determined that a lack of remodeling of late endosomal-lysosomal com-
partments by live Salmonella infection in B lymphocytes is associated with the inability to use the alternative
MHC-I antigen-processing pathway, providing a survival advantage to the bacterium. Our data also suggest
that the B lymphocyte late endosome-lysosome environment allows the expression of Salmonella virulence
mechanisms favoring B lymphocytes in addition to macrophages and dendritic cells as a reservoir during in
vivo infection.

Macrophages and dendritic cells are considered to be target
cells of Salmonella infection. The ability of this bacterium to
survive and replicate within these cells constitutes a relevant
pathogenic factor in the development of disseminated disease
(32). On the other hand, macrophages, dendritic cells, and
some other phagocytic cells are considered to be one of the
first lines of defense against pathogens because of their micro-
bicidal mechanisms (31, 61). This ability is linked with their
function as professional antigen-presenting cells (APCs) to
prime T-cell immune response (63). APCs are responsible for
processing antigens (Ags) into peptides. These peptides sub-
sequently bind to the major histocompatibility complex mole-
cules to be transported to the plasma membrane and be rec-
ognized by specific T cells. Exogenous Ags including Salmonella
proteins are processed into peptides recognized by CD4� T lym-
phocytes presented by major histocompatibility complex class II

(MHC-II) molecules. The role of CD4� T cells in the induction
of protective immunity against Salmonella infection has been
well established (35, 36). However, CD8� T lymphocytes are
also fundamental in controlling Salmonella infection by pro-
moting the lysis of infected macrophages and dendritic cells
(60). Consequently, this event would then release bacteria
from the replicative habitat, rendering them accessible to ac-
tivated macrophages and to the humoral immune response. To
induce a CD8� T-lymphocyte response, APCs have to process
and present Ags by the MHC-I molecules. In this regard, APCs
present Ags from intracellular microorganisms using several
processing mechanisms (classical and alternative). In the clas-
sical antigen presentation (27), MHC-I molecules bind pep-
tides generated by proteolysis of cytosolic endogenous proteins
by the proteasome. This classical pathway has been described
as the main system for processing and presenting Ags from
virus or intracellular bacteria such as Listeria monocytogenes (62).

In the alternative pathway, APC processes soluble exoge-
nous Ags or those derived from microorganisms residing
within vacuoles by at least two mechanisms: cross-presentation
(cross-priming) (21, 24) and vacuolar alternative pathways (10,
11, 22, 30, 43, 45). One of these vacuolar pathways processes
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Delegación Gustavo A. Madero, México, DF CP 07360, Mexico. Phone:
52 555 506 13324. Fax: 52 555 747 7134. E-mail: vortiz@mail.cinvestav.mx.

† V.O.-N. and C.A.-A. share senior authorship.

3937



Ags in a noncharacterized endocytic compartment followed by
secretion and loading of antigenic peptides into MHC-I mol-
ecules on the macrophages’ cell surface and bystander cells
(30, 43). This mechanism is different from the pathway used by
cross-priming, where exogenous Ags are retrotranslocated
from the phagosome to the cytosol to be degraded by proteo-
somes associated with the phagosomal membrane (21, 24). The
peptides generated by this mechanism are then translocated to
the phagosome lumen by transport-associated antigenic pep-
tides to load intravacuolar MHC-I molecules (21, 24). We
previously reported (30) that gamma interferon (IFN-�)-acti-
vated macrophages were able to present Salmonella Ags to
MHC-I molecules using the vacuolar alternative MHC-I pro-
cessing pathway, but Salmonella-infected B lymphocytes and
fibroblasts were not able to use this pathway. In addition, it has
been determined that these cells can cross-present exogenous
Ags with a low degree of efficiency (1). However, Salmonella is
able to infect and survive within B lymphocytes and fibroblasts
(30, 58), and infected B lymphocytes are able to present Sal-
monella Ags by MHC-II molecules to CD4� T cells (55). Thus,
the endocytic-lysosomal antigen degradation mechanism is
functional in infected B lymphocytes. In this paper, we illus-
trate that Salmonella-infected B lymphocytes are not able to
use the vacuolar alternative processing mechanism associated
with a lack of remodeling of late endosomal-lysosomal com-
partments, such as live Salmonella does in macrophages. Our
data also illustrate that the environment of IFN-�-activated B
lymphocytes favors a Salmonella reservoir during in vitro and
in vivo infection.

MATERIALS AND METHODS

Antibodies. The following culture supernatants from hybridomas were used for
immunostaining: rat anti-mouse LAMP-1 clone ID4B (40) (Developmental
Studies Hybridoma Bank, University of Iowa, Iowa City), rat anti-mouse CD11b
(Mac-1) clone M1/70.15.11.5.HL (30) (ATCC TIB-128; American Type Culture
Collection, Rockville, MD), mouse anti-H-2Kb clone Y3 (gift from Gunter J.
Hammerling, German Cancer Research Center, Heidelberg, Germany), rat anti-
mouse B220 clone RA3-6B2 (gift from Leopoldo Santos-Argumedo, Departa-
mento de Biomedicina Molecular, CINVESTAV, México D.F., Mexico), and
biotin-conjugated goat anti-mouse CD19 (Zymed). Polyclonal anti-Salmonella
serum generated by intravenous immunization of rabbits (New Zealand) with
heat-killed Salmonella enterica serovar Typhimurium 14028 and polyclonal
mouse anti-Salmonella serum generated by oral immunization of BALB/c mice
with S. enterica serovar Typhimurium 14028 were used as primary antibodies to
detect bacteria. Secondary antibodies were fluorescein isothiocyanate (FITC)-con-
jugated goat anti-rabbit immunoglobulin G (IgG), FITC-conjugated goat anti-
mouse IgG (Sigma-Aldrich), tetramethyl rhodamine isothiocyanate (TRITC)-con-
jugated goat anti-mouse IgG, TRITC-conjugated goat anti-rat IgG (Dako,
Denmark), biotin-conjugated goat anti-mouse IgG (Amersham Life Science), R-
phycoerythrin (R-PE) goat anti-mouse IgG, R-PE–streptavidin, and PerCP-strepta-
vidin (Zymed).

Bacterial strain and growth conditions. Salmonella enterica serovar Typhi-
murium ATCC 14028 was grown in Luria-Bertani broth (LB; GIBCO-BRL) to
logarithmic phase. The optical density at 0.6 nm was used to homogenize the
multiplicity of infection (MOI). Heat-killed Salmonella was prepared by boiling.
Bacterial death was confirmed by CFU detection.

Cell lines, bone marrow-derived macrophages, and culture conditions. IC21
macrophages were obtained from the American Type Culture Collection (ATCC
TIB-186) (33, 52, 59). RMA and RMA-S cells were donated by Gunter J.
Hammerling (German Cancer Research Center, Heidelberg, Germany), A-20 B
lymphocytes were donated by Jose Moreno (Unidad de Investigación Médica en
Inmunobiologı́a, CMN, IMSS). All cell lines were cultured in Dulbecco’s mod-
ified Eagle medium supplemented with 10% fetal bovine serum (GIBCO-BRL
Life Technologies, Grand Island, NY) and 50 �M 2-�-mercaptoethanol (Sigma-
Aldrich) (DMEM-10). Primary bone marrow macrophages were obtained from
the femurs of adult BALB/c mice (Universidad Nacional Autónoma de México)

as described before (51). After 6 days in culture, 7 � 104 differentiated macro-
phages were plated on 12-mm glass coverslips in DMEM-10 with no antibiotic
for Salmonella invasion monitoring. Macrophages or B lymphocytes were acti-
vated using 20 U/ml of IFN-� for 48 h (30).

Detection of MHC-I loaded with peptides. Activated IC21 macrophages or
A-20 B lymphocytes (5 � 105) infected for 30 min with live or heat-killed S.
enterica serovar Typhimurium (MOI, 1:20) were cocultured with RMA-S cells at
a ratio of 1:1 in DMEM-10 with 30 �g/ml gentamicin. The viability of infected
cells was over 90% at the time of initiating the cocultures (30). After 18 h of
coculture, RMA-S cells were harvested and immunolabeled with anti-Kb mono-
clonal antibody (MAb) and anti-Mac-1 supernatant. Secondary labeling was
done with biotin-conjugated goat anti-mouse IgG, streptavidin-R-PE, and FITC-
conjugated goat anti-rat IgG. Subsequently, flow analysis was performed with 104

cells per sample on a FACSort (Becton Dickinson, Mountain View, CA). Results
were analyzed using WinMDI software (http://facs.scripps.edu/software.html).
Cocultures of RMA-S cells in the presence of uninfected macrophages or A-20
cells were preformed in parallel. Preloaded RMA-S cells with 30 �g/ml of
OVA254–267 synthetic peptide were used as positive controls of Kb binding pep-
tides (14). Kinetics of bacterial survival within IFN-�-activated IC21 and A-20
cells using a gentamicin protection assay were also determined in parallel exper-
iments (4).

Infection of macrophages and B lymphocytes with metabolically labeled Sal-
monella enterica serovar Typhimurium. A overnight culture of S. enterica serovar
Typhimurium diluted 1:100 was subcultured in M9 minimal medium for 3 h (49).
The bacterial pellet was washed and cultured again for an extra hour in M9
medium supplemented with 30 �Ci of [3H]leucine, [3H]alanine, [3H]valine, and
[3H]phenylalanine (NEN Life Science, Boston, MA). Radioactively labeled bac-
teria were washed extensively with phosphate-buffered saline (PBS) and used to
infect IFN-�-activated IC21 macrophage monolayers or IFN-�-activated B lym-
phocytes in suspension. An MOI of 30 bacteria per cell was used. Invasion was
allowed for 30 min; afterwards, extracellular bacteria were removed by extensive
washing with PBS followed by reincubation of infected cells for 1, 3, and 18 h in
the presence of DMEM-10 with 30 �g/ml gentamicin (30).

Isolation of SCV. The Salmonella-containing vacuoles (SCV) were isolated
from 108 infected macrophages and B cells with live radiolabeled Salmonella
enterica serovar Typhimurium (MOI, 1:30). The procedure was a modification of
the methods described by Tjelle et al. (53) and Claus et al. (12). Infected cells
were harvested and resuspended in 2 ml of isosmotic buffer containing 10 mM

FIG. 1. Secreted peptides binding MHC-I through the alternative
vacuolar pathway are present in IFN-�-activated macrophages but not
in activated B lymphocytes infected with Salmonella enterica serovar
Typhimurium. IC21 macrophage monolayers or A-20 B lymphocytes in
suspension were IFN-� activated, infected with live (wt) or heat-killed
(HK) Salmonella enterica serovar Typhimurium (MOI, 1:20), and
cocultured with RMA-S cells. Kb molecules of RMA-S cells were
detected by flow cytometry analysis using Y3 MAb. Macrophages and
B lymphocytes were gated by Mac-1 and IgG surface antibodies, re-
spectively. Cocultures of RMA-S cells in the presence of uninfected
(Non Inf) macrophages or A-20 cells were run in parallel. Means and
standard errors of the results from three different experiments are
presented in panel A. The mean fluorescence channel is expressed on
the y axis. The baseline of Kb expression fluorescence channel media in
RMA-S is represented by the dotted horizontal line. Kinetics of bac-
terial survival within IFN-�-activated IC21 and A-20 cells using a
gentamicin protection assay were also determined in parallel experi-
ments (B). Total numbers of CFU recovered per 5 � 105 cells infected
are presented on the y axis. Black columns represent IC21 macro-
phages, and white columns are B lymphocytes.

3938 ROSALES-REYES ET AL. INFECT. IMMUN.



Tris, 1 mM EDTA, 25 �g/ml leupeptin, 0.2 �g/ml aprotinin, 0.1 ng/ml pepstatin,
100 �M phenylmethylsulfonyl fluoride (Sigma-Aldrich), and 0.25 M sucrose
(T. J. Baker, NJ). Cells were broken using a Dounce tissue grinder. To obtain an
enriched-vacuole fraction, the homogenate was centrifuged at 800 � g for 5 min
to get rid of unbroken cells and nuclei. The postnuclear supernatant was layered
onto 8 ml of 30% Percoll (Amersham Pharmacia Biotech AB, Uppsala, Sweden),
and a gradient was generated by ultracentrifugation at 170,000 � g for 1 h at 4°C
in a Beckman SW40Ti rotor with slow acceleration and without a brake (Optima
XL-100K; Beckman). The densities of the fractions were calculated using bean
density markers (Amersham Pharmacia Biotech AB, Uppsala, Sweden) run in
parallel with the postnuclear supernatant. The gradient was fractionated into
500-�l aliquots. Each one of these fractions was analyzed for the presence of
radioactive material (Salmonella) in a beta-counter (LS 6500; Beckman). The
Salmonella-derived radioactivity per fraction was expressed as a percentage of
the total radioactivity detected in the Percoll gradient. In addition, the enzymatic
activity of �-hexosaminidase was analyzed from each fraction using colorimetric
detection of p-nitrophenyl N-acetyl-�-D-glucosaminide (Sigma-Aldrich) (15).
The �-hexosaminidase activities of individual fractions are expressed as percent-
ages of the total amounts retrieved from each Percoll gradient. To determine
Salmonella CFU per fraction, 50 �l of each fraction was lysed in PBS–10%
Triton X-100 (Sigma-Aldrich) and plated onto LB agar.

Indirect immunostaining and confocal microscopy. IC21, primary bone mar-
row-derived macrophages, or A-20 B lymphocytes were infected with S. enterica
serovar Typhimurium (MOI of 1:10) in DMEM-10 for 15 min. After the extra-

cellular bacteria were washed, the cells were cultured in DMEM-10 with 30
�g/ml gentamicin. At 5 min, 30 min, 3 h, and 24 h post-gentamicin incubation,
infected cells were treated with fixative buffer G-PLP (4% paraformaldehyde,
200 mM morpholineethanesulfonic acid, 700 mM NaCl, 50 mM KCl, 50 mM
MgCl2, 20 mM EGTA, 20.1 mg of sodium periodate, and 700 mM lysine mono-
hydrochloride) for 30 min at room temperature (2, 34). After fixation, cells were
permeabilized with cold methanol for 1 min followed by 1 h of incubation in the
presence of blocking buffer (PBS with 2% goat serum). Specific staining was
performed by 1 h of incubation at 37°C with anti-LAMP1 or anti-Salmonella
primary antibodies and secondary antibodies conjugated to FITC or TRITC
fluorochromes (40). Coverslips with macrophage monolayers or cytospin-ad-
hered B lymphocytes were mounted in VectaShield (Vector Labs) fluorescence
microscopy mounting buffer. Images of infected cells were acquired at �60 and
�100 on an epifluorescence microscope in line with a confocal system (Axiovert
100M). Ten to 20 sections per field were recovered (0.2 to 2 �m). Colocalization
was detected by overlapping bacteria and marker-labeling fluorochromes. Z-
sections were analyzed horizontally and vertically by direct visualization of over-
lapping and by graphical overlapping. The analysis was carried out with LSM 5
Image Browser software. Quantification of colocalization was determined in at
least three experiments per variable. Macrophages loaded with ovalbumin Texas
Red and heat-killed Salmonella were used as positive controls of intracellular
kinetics of Lamp1 marker colocalization (40).

Quantification of live Salmonella from splenic macrophages and B lympho-

FIG. 2. Late endosomal-lysosomal compartments of B lymphocytes lack Salmonella enterica serovar Typhimurium degradation and favor
bacterial survival. After 1, 3, and 18 h postinfection with radiolabeled bacteria, intracellular SCV of activated macrophages and B lymphocytes were
obtained by Percoll gradient separation. Salmonella-derived radioactivity within vacuoles was detected by beta scintillation analysis of the fractions.
The distribution of late endosome-lysosome across the gradient was detected by �-hexosaminidase enzymatic activity. On the left y axis, we present
the percentage of total radioactivity, the percentage of total �-hexosaminidase activity is displayed on the right y axis, and the x axis corresponds
to the number of gradient density fractions. One representative experiment out of three is presented for �-hexosaminidase quantification and
radioactive detection of SCV.
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cytes. Six- to 8-week-old male BALB/c mice were infected orogastrically with 103

CFU in 200 �l of PBS or intraperitoneally with 50 CFU in 150 �l of PBS (50).
The inoculum dose was estimated by plating dilutions on LB agar plates. After
days 3 and 5 postinfection, spleens from two mice per time point were taken and
homogenized in DMEM-10. Splenocytes were stained with anti-Mac-1 MAb or
with anti-B220 MAb. Secondary labeling was done with R-PE-conjugated goat
anti-rat IgG. Macrophages and B lymphocytes were sorted in a FACSvantage
(Becton Dickinson, Mountain View, CA). A sample of sorted B220 B lympho-
cytes was stained with biotin-conjugated anti-CD19 MAb, and secondary labeling
was done with PerCP-streptavidin. The number of viable bacteria was deter-
mined by plating an aliquot of cells lysed in PBS–10% Triton X-100 (Sigma-
Aldrich) on LB agar (4). CFU were counted, and the number of bacteria per 107

cells was calculated.

RESULTS

IFN-�-activated B lymphocytes infected with Salmonella en-
terica serovar Typhimurium are not able to secrete peptides to
load MHC-I molecules. IFN-�-activated macrophages are able

to secrete Salmonella-derived peptides to load MHC-I mole-
cules on their cell surface and bystander cells (30). To confirm
whether activated B lymphocytes are able to process Salmonella
Ags by this vacuolar Ag-processing mechanism, we cocultured
RMA-S cells in the presence of infected A-20 B lymphocytes. Our
data demonstrate that, in contrast to IFN-�-activated macro-
phages infected with live Salmonella, B lymphocytes were not able
to load Kb molecules on RMA-S cells (Fig. 1A). This difference
was not caused by a limited amount of live intracellular Sal-
monella because, as shown in Fig. 1B, A-20 B lymphocytes
internalized Salmonella as well as macrophages. Even more,
after 18 h of infection, Salmonella survived more efficiently
within activated B lymphocytes than within activated macro-
phages. The increased amount of Kb molecules loaded on
RMA-S cells was not detected in the presence of uninfected or
heat-killed Salmonella-infected macrophages or B lymphocytes.

Live S. enterica serovar Typhimurium is not able to remodel
late endosomal-phagolysosomal vacuoles within B lympho-
cytes. It has been reported that S. enterica serovar Typhi-
murium resides within a noncharacteristic late endosomal-ly-
sosomal compartment (7, 25), but there is no evidence whether
this event is preserved within IFN-�-activated macrophages or
B lymphocytes. To define whether remodeling of the late en-
dosomal-lysosomal vacuoles by Salmonella was also present
and maintained in activated macrophages and B lymphocytes,
we analyzed the lysosomal activity kinetic of the SCV isolated
by the Percoll density gradient. In Fig. 2A, we present live
radioactive Salmonella or its products residing within a high-
density vacuole with �-hexosaminidase enzymatic activity
within macrophages at 1 h postinfection. However after 3 h
postinfection (Fig. 2B), SCV exhibited higher density but with
significantly lower �-hexosaminidase activity. After 18 h, we
found different SCV densities with high or low �-hexosamini-
dase activity (Fig. 2C). These data confirm that Salmonella,
even in IFN-�-activated macrophages, is able to remodel late
endosomal-lysosomal compartments, as has been described for
inactivated cell lines or primary macrophages. On the other
hand, SCV within IFN-�-activated B lymphocytes, since early
stages of infection up to 18 h postinfection, are characteristi-
cally high-density late-endosome-phagolysosome compart-
ments. In addition, confocal fluorescence microscopy of acti-
vated B lymphocytes and macrophages infected with live and
heat-killed Salmonella was performed to confirm intracellular
bacterial localization within late endosomal-lysosomal com-
partments (Fig. 2D, E, and F). In Fig. 3 and Table 1, we
present selected images and quantification of SCV colocaliza-
tion kinetic with late endosomal-lysosomal marker Lamp1. As
we described in the biochemical characterization mentioned
above, most of the macrophage SCV excluded endocytic
marker Lamp1 after 3 h postinfection. However, SCV from
macrophages infected with heat-killed Salmonella, as in SCV
from B lymphocytes infected with live Salmonella, always co-
localized with the Lamp1 marker from the beginning to the last
stage of infection (Table 1).

S. enterica serovar Typhimurium survives within high-den-
sity late endosome-lysosome vacuoles of IFN-�-activated B
lymphocytes. The ability of Salmonella to survive within mac-
rophages has been considered to play a key role in pathogen-
esis. IFN-�-activated macrophages are able to increase bacte-
rial killing and favor antigen-processing mechanisms (6, 18,

FIG. 3. Confocal microscopy analysis of intracellular trafficking of
Salmonella-containing vacuoles in macrophages and B lymphocytes.
Monolayers of preactivated IC21 or bone marrow-derived macro-
phages from BALB/c mice or A-20 cells were infected with Salmonella
enterica serovar Typhimurium (MOI, 1:10) for a period of 15 min.
Selective images of colocalization with Lamp1 markers and bacteria
within macrophages and B lymphocytes at 30 min and 24 h postinfec-
tion are shown.

TABLE 1. Quantification of Salmonella colocalization with late
endosomal-lysosomal marker Lamp1

Cell line (type of
Salmonella used)

No. of vacuoles
analyzed at time:

% Colocalization with
Lamp1 at time:

30 min 3 h 24 h 30 min 3 h 24 h

IC21 (live) 46 46 44 90 30 10
IC21 (heat killed) 10 30 22 90 100 91
A-20 (live) 100 54 74 100 100 100
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38). To further determine whether Salmonella resides and sur-
vives within the late endosomal-lysosomal compartment of ac-
tivated macrophages and B lymphocytes, we recovered bacte-
rial CFU per vacuole fraction obtained in the Percoll gradient.
After 3 and 18 h of infection, we found that live Salmonella
resides mainly within high-density vacuoles with �-hexosamini-
dase activity in B cells (Fig. 4A and C). In contrast, Salmonella
in macrophages persists within the remodeled compartments
with decreased �-hexosaminidase activity (Fig. 4B). In addi-
tion, the total number of Salmonella CFU recovered from
activated B lymphocytes after 18 h of infection was slightly
increased within this late endosomal-lysosomal vesicle (Fig.
4C). In contrast, the Salmonella CFU recovered from macro-
phages decreased significantly (Fig. 4D). Salmonella at earlier
time points, such as 1 hour postinfection, recovered from both
cells came from high-density vacuoles with �-hexosaminidase
activity (data not shown). These CFU data in combination with
the total bacterium-derived radioactivity detected in activated
macrophages show that Salmonella is more greatly degraded
within activated macrophages than B lymphocytes. These Sal-
monella-derived protein products remain within high- and low-
density intracellular vacuoles with lysosomal activity (Fig. 2, 4).
Therefore, these data suggest that live bacteria reside within a
compartment that is different from the compartment that con-
tains processed protein products. This could be the reason why
B lymphocytes are not able to use the alternative vacuolar
processing mechanism observed in activated macrophages
(Fig. 1).

Salmonella survives within splenic B lymphocytes after in
vivo infection. To investigate whether Salmonella can survive
within B lymphocytes after in vivo infection, we sorted B220
splenic B cells which were CD19 positive (Fig. 5A). As shown
in Fig. 5B, CFU of intracellular Salmonella were recovered
from B cells after 3 or 5 days postinfection when bacteria were
administrated either orogastrically or intraperitoneally. In ac-
cordance with in vitro-obtained data, Salmonella survives in B
cells as well as in macrophages. These results suggested that
not only macrophages but also B lymphocytes are involved in
bacterial dissemination during the pathogenesis of this intra-
cellular infection.

DISCUSSION

It has been previously demonstrated that IFN-�-activated
macrophages are able to process Salmonella Ags using a vac-
uolar alternative MHC-I processing mechanism to induce im-
mune response (30). In this pathway, we expect Salmonella-
derived peptides produced within the vacuolar environment to
load into this system. On the other hand, the ability of these
bacteria to survive and replicate within professional phagocytic
cells, such as macrophages and dendritic cells, is considered a
key virulence determinant in developing disseminated disease
(39, 41). At the same time, these cells are responsible for
priming a specific immune response against Salmonella. It has
been proposed that some Salmonella organisms can be de-
graded while others are able to induce in vivo expression of

FIG. 4. Salmonella CFU recovered from intracellular vesicles from IFN-�-activated macrophages and B lymphocytes. Aliquots of the Percoll
gradient fractions were cultured in LB agar plates to detect bacterial survival. On the left y axis, we present the percentage of total �-hexosamini-
dase activity, CFU numbers are displayed on the right y axis, and the x axis corresponds to the number of density gradient fractions. Panels A and
C show gradients obtained from B lymphocytes. Panels B and D show data obtained from macrophages. One representative experiment out of
three is presented.

VOL. 73, 2005 SALMONELLA SURVIVAL WITHIN B LYMPHOCYTES 3941



virulence mechanisms to survive within phagocytic cells (5, 42).
In addition, it has been reported that IFN-�-activated macro-
phages are able to kill Salmonella to a greater extent than
nonactivated macrophages (16, 17). These data suggest that
the balance between APC conditions of activation and bacte-
rial virulence factors favors either survival, replication, or par-

tial degradation to produce peptides able to induce immune
response. In this work, we demonstrated that live Salmonella
directs the trafficking of loading peptides to the vacuolar al-
ternative MHC-I processing mechanism. These data suggest
that, during infection of activated macrophages, some Salmo-
nella factors induced in vivo are required to favor this process-
ing mechanism.

Activated B lymphocytes are also professional APCs that
mainly target CD4� T cells (37, 44). Most information con-
cerning B lymphocytes was generated using different B-cell
lines such as A-20 because this cell line has many similarities
with primary B lymphocytes (37, 44). Interestingly, Salmonella
spp. are able to infect and survive within B lymphocytes (58).
These B cells are also activated during the early immune re-
sponse to Salmonella infection due to their ability to present
antigens to T cells (55). Our data confirmed that activated B
lymphocytes are efficiently infected with Salmonella, but in
contrast to macrophages, they are not able to load peptides to
the vacuolar alternative MHC-I processing mechanism. There-
fore, in contrast to B lymphocytes, macrophages must have
specific intracellular compartments favoring production and
trafficking of Salmonella-antigenic peptides through the vacu-
olar alternative MHC-I processing pathway. Indeed, our data
confirm differences found in the intracellular compartment
where Salmonella and its products reside within macrophages
and B lymphocytes. It has been demonstrated that, immedi-
ately after infection of macrophages, live Salmonella resides
within spacious phagosomes (3, 4) with rapid maturation to
late endosomal compartments. There is controversy in the
literature addressing whether SCV within macrophages fuse
with lysosomes (8, 40) or if they remain as late endosomes (7,
19, 23, 25, 46, 54). Some authors propose that, during the
course of infection, the SCV is remodeled to a noncharacter-
istic late endosomal-lysosomal compartment (9, 47, 57). Our
data mostly agree with the remodeling mechanism because we
initially found rapid acquisition of late endosomal-lysosomal
markers such as �-hexosaminidase activity and Lamp1. How-
ever, the SCV excluded these markers later on. Preliminary
results (data not shown) suggest that Salmonella-derived pep-
tides were mainly found in endocytic compartments with lyso-
somal enzymatic activity, suggesting that these peptides are
sorted before loading MHC-I molecules by the alternative
processing pathway. In contrast, activated B lymphocytes do
not allow Salmonella to remodel the SCV remaining as late-
endosome lysosomes. It is possible that lysosomal environ-
ments provide stronger signals to induce Salmonella virulence
factors to survive and replicate within this intracellular niche.
Further investigation using Salmonella-deficient mutants in-
volved in endocytic traffic (54) would be necessary to define the
specific role of the remodeled macrophage compartment in the
sorting of Salmonella Ags to load MHC-I molecules through
the vacuolar alternative pathway.

We also determined that Salmonella is able to survive and
persist within activated B lymphocytes as well as in macro-
phages. We would expect to have greater microbicidal mech-
anisms developed in IFN-�-activated cells, as happens in mac-
rophages; however, B lymphocytes clearly do not control
Salmonella infection. There is no information regarding micro-
bicidal mechanisms within B lymphocytes to control Salmo-
nella infection. It is also possible that other IFN-� costimula-

FIG. 5. S. enterica serovar Typhimurium organisms survive in B
lymphocytes during primary in vivo infection. BALB/c mice were in-
fected orogastrically (OG) with 1,000 CFU or intraperitoneally (IP)
with 50 CFU. On days (d) 3 and 5 postinfection, splenocytes were
harvested and macrophages and B cells were sorted based on the
expression of Mac-1 (macrophages) or B220 (B lymphocytes). In panel
A, we exhibit a representative dot blot analysis of the sorted B lym-
phocytes using a CD19 marker. In panel B, we show Salmonela CFU
obtained from splenic B cells and macrophages. The white bars cor-
respond to CFU obtained from OG infected mice, and black bars
correspond to IP infected mice. Data are presented as means and
standard deviations of the results from three independent experiments.
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tion signals such as CD40 may be required to induce
B-lymphocyte microbicidal activation. Furthermore, it has
been proven that CD40 increases Ag-processing mechanisms
in B lymphocytes and some other APCs (29). Our data clearly
suggest that B lymphocytes are another Salmonella reservoir
favoring bacterial survival, persistence, and dissemination. The
murine model data supports that B lymphocytes are a Salmo-
nella “niche” during in vivo infection because we detected
Salmonella CFU from splenic B cells at 3 and 5 days postin-
fection regardless of whether inoculation was orogastric or
intraperitoneal. Our data show a slightly greater amount of
bacteria within splenic B lymphocytes with respect to splenic
macrophages, in contrast to a recent publication (48), where
the authors found only marginal splenic B-lymphocyte infec-
tion to a lesser extent than in macrophages. These authors
used a significantly higher dose of a full virulent Salmonella
strain than the regular 50% lethal dose previously reported
(50), and they also used a different technique to identify the
population of infected splenic cells. In our model, we purified
the macrophages and B cells from spleens to obtain Salmonella
CFU from the same number of live cells. One possible expla-
nation for the difference in our data could be attributed to the
apoptotic event induced by Salmonella in eukaryotic cells, as
has been demonstrated with macrophages (28). Thus, if B
lymphocytes are more susceptible to be infected by Salmonella,
they could also be more susceptible to apoptosis. If bacteremia
was significantly higher in their model, then the apoptotic
events could increase as well, and the level of detectable in-
fected B lymphocytes would be lower.

It would be interesting to define whether B lymphocytes
mediate Salmonella transit from intestinal wall to spleen, liver,
or bone marrow, the main targets for Salmonella persistence
(13, 20, 26, 56). In fact, it has been demonstrated that activated
B lymphocytes travel from lymphoid organs to bone marrow to
become antibody-producing cells.

In summary, we demonstrated that, in contrast to macro-
phages, B cells are not able to use the vacuolar alternative
antigen-processing mechanism to load Salmonella antigens to
MHC-I molecules, associated with a lack of SCV remodeling
by live Salmonella. Our data also suggest that the late endo-
some-lysosome environment of B lymphocytes allows bacterial
survival and persistence, favoring other reservoirs and perhaps
a mechanism of transportation during in vivo infection.
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