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ABSTRACT

B-cells serve as a niche for Salmonella to establish a chronic infection, enabling bacteria to evade im-
mune responses. One mechanism Salmonella uses to survive inside B-cells involves inhibiting the
NLRC4 inflammasome activation, thereby preventing pyroptotic cell death. This study investigates
whether Salmonella-infected B-cells can mount bactericidal responses to control intracellular bacteria.
Our results show that Salmonella-infected B-cells can produce and release TNFa, IL-6, and IL-10, but
not RANTES. Furthermore, priming B-cells with TNFa, IL-1f, or IFNy enhances their bactericidal
activity by promoting the production of reactive oxygen and nitrogen production species, reducing
intracellular load. These results suggest that B-cells can clear Salmonella infection within a pro-in-
flammatory environment. However, the concurrent production of IL-10 may counteract the effects of
pro-inflammatory cytokines, potentially modulating the immune response in the microenvironment.
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INTRODUCTION

Salmonella is a Gram-negative bacterium that can infect many hosts [1]. In humans,
Salmonella infection produces symptoms ranging from self-limiting gastroenteritis to the
systemic infection called typhoid fever. Typhoid fever is produced exclusively by Salmonella
enterica serovar Typhi and S. enterica serovar Paratyphi. In contrast, non-Typhi serovars
produce self-limiting gastroenteritis [2]. Typhoid fever is a global health problem in devel-
oping countries. Indeed, every year, 9.3 to 12.6 million new cases are reported, with almost
65,000 to 188,000 deaths worldwide [3]. Moreover, it has been reported that 2-5% of
recovered patients remain as chronic carriers [1]. Salmonella infects epithelial cells, macro-
phages, dendritic cells, and B-cells [2, 4-7]. The host response against this pathogen involves
the innate and adaptive immune systems. The host innate immune system recognizes
Salmonella in the intestinal epithelium and releases pro-inflammatory cytokines and che-
mokines, such as IL-6 and IL-8 [9]. Bacteria recognition by the immune system results in the
recruitment and activation of other immune cells, such as macrophages and neutrophils.
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Indeed, these cells are an essential source of TNFa and
IL-1P. Thus, TNFa and IL-1, together with IFN-y, are of
utmost importance for controlling Salmonella infection in
the early stages [9, 10]. For instance, mice lacking the TNF
receptor showed higher bacterial proliferation and prompt
death than the wild-type (WT) mice, which is also associated
with the impairment in the recruitment and assembly of the
NADPH oxidase complex to the Salmonella-containing
vacuole [10]. IFN-v, is a pro-inflammatory cytokine essential
to macrophage activation during Salmonella infection; in the
absence of IFN-y, the production of iNOS is reduced,
resulting in increased intracellular multiplication and sub-
sequent mice death [11].

A protective adaptive immune response against Salmo-
nella requires the coordinated action of T and B cells. For
instance, immunized mice become vulnerable to a secondary
challenge when T cells are depleted [9]. Furthermore,
transferring antigen-specific T-cells to naive mice confers
protection to the host [10]. Conversely, B-cells play multiple
roles during Salmonella infection, including production of
specific antibodies against the pathogen, prime TH1 T-cells,
and present antigens to T-cells [10-12]. In addition to these
activities, B cells can serve as a niche for Salmonella to
establish a chronic infection. To do so, Salmonella uses two
mechanisms to infect B-cells; the first involves the induction
of localized ruffling in the cell membrane to promote its
entry, and the bacterium can use antigen-specific B-cell re-
ceptors to invade these cells [5, 7]. Once inside, bacterium
manipulates the activation of the inflammasome and the
Akt-YAP pathway in B-cells while inhibiting autophagy to
create a niche that supports its persistence within the cells
[13, 14].

Although some of the mechanisms used by Salmonella to
establish chronic infection in B cells have been described,
it is not fully understood how this pathogen can survive
inside B cells for a long time. The characterization of
Salmonella-infected B-cells role in producing pro- and anti-
inflammatory mediators has yet to be described. This study
demonstrates that Salmonella-infected B-cells release TNFa
and IL-6 but not RANTES. Moreover, primed B-cells
with pro-inflammatory cytokines increase their bactericidal
activity, which mediates ROS and RNS production. Sup-
pressively, Salmonella-infected B-cells also release IL-10.
These findings suggest that B-cells can control intracellular
Salmonella in a pro-inflammatory environment. However,
Salmonella can also subvert B-cell microbicidal activity by
producing IL-10. More studies are needed to understand
how B-cells respond to Salmonella infection.

MATERIAL AND METHODS

Bacterial strains and growth conditions

In this study, we use S. enterica Serovar Typhimurium
(Salmonella Typhimurium) 14028 (ATCC® 14028), Salmo-
nella Typhimurium harboring a plasmid that encodes the
Green Fluorescent Protein (Salmonella Typhimurium GFP).

Both strains were grown on 5mL of LB broth at 180 RPM
overnight at 37 °C. The LB broth was supplemented with
100 ug mL~" ampicillin for Salmonella Typhimurium GFP.
The following day, a 1:30 dilution was made in fresh LB
broth, and the culture was continued shaking at 37 °C until
reaching the logarithmic phase.

B-cell purification and in vitro infection

Spleens were obtained from 6- to 8-week-old male or female
Balb/c mice. Cell suspension was prepared, and B-cells were
obtained by negative selection (Miltenyi Biotec). Briefly, cells
were obtained by mechanical disaggregation of the spleen
and incubated with red cells lysis buffer for 10 min at room
temperature. Following lysis, the cells were washed with PBS
and resuspended in cold PBS supplemented with 0.5% fetal
bovine serum and 2 mM EDTA. The cell suspension was
incubated with the Biotin-Antibody Cocktail for 5min at
4 °C, followed by the addition of Anti-Biotin MicroBeads.
Cell suspension was incubated for 10 min at 4 °C. The cell
suspension was then passed through the magnetic column,
and the flow-through was collected. This yielded pure
resting B-cells with approximately 95% purity. The purified
B-cells were resuspended in RPMI 1640 medium supple-
mented with 10% fetal bovine serum (RP10) (Gibco BRL).
For infection, 1 X 10° B-cells were incubated with Salmo-
nella Typhimurium 14028 at the indicated multiplicities of
infection (MOI) for 30 min. Cells were washed twice with
PBS, and the culture was continued in RP10 medium sup-
plemented with gentamicin (80 pg mL™}) for 24 h [6].

Bone marrow-derived macrophage obtention (BMDM)
and in vitro infection

Bone marrow cells were isolated from the femurs and tibias
of 6- to 8-week-old male or female Balb/c mice and cultured
at 37 °C and 5% CO, for seven days in RP10 medium
supplemented with 30% L-929 cell supernatant and antibi-
otics [15]. After differentiation, cells were washed with cold
PBS, and BMDM were collected and seeded in 24-well plates
at a density of 1 X 10° cells/well in RP10 medium. For
infection, Salmonella Typhimurium was added at the indi-
cated MOI in 300 pl of medium. To synchronize the infec-
tion, plates were centrifuged at 1800 RPM for 5 min at room
temperature, followed by incubation at 37 °C and 5% CO,
for 30 min. After incubation, cells were washed twice with
PBS, and the culture was continued in an RP10 medium
supplemented with 80 pg mL~" gentamicin for 24 h.

Salmonella survival in stimulated B-cells and BMDM

B-cells were purified and stimulated with recombinant
TNFa, IL-1B, or IFN-y (R&D Systems) for 3 h, followed by
infection with Salmonella Typhimurium at an MOI of 50 for
30 min. Cells were washed twice with PBS, and at 1, 3, and
24 h post-infection, cells were recovered by centrifugation
and lysed with 1 mL of PBS containing 1% Triton-X 100.
Serial dilutions of the cell lysates were plated on LB agar to
determine the bacterial counts (Colony Forming Units,
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CFUs). The percentage of Salmonella survival was calculated
using the following formula: (CFUs at 24 h post-infection/
CFUs at 1-h post-infection) x 100%.

Reactive nitrogen and oxygen species detection

To determine reactive nitrogen species (RNS) production,
1 X 10°B-cells or BMDM were stimulated and infected
as described above. Cell culture supernatants were collected
24h post-infection, and RNS production was quantified
using the Griess method according to the manufacturer’s
instructions (Molecular Probes) [16]. For reactive oxygen
species (ROS) production, stimulated B-cells or BMDM
were incubated with the fluorescent probe 5-(-6)-Chlor-
omethyl-2'7"-Dichlorodihydrofluorescein Diacetate Acetyl
Ester (CM-H,DCFDA) (Molecular Probes) for 30 min at
37 °C [17]. Cells were then infected with Salmonella
Typhimurium at an MOI of 50 for 30 min post-infection
and analyzed by flow cytometry in a Cyan ADP flow
cytometer (Beckman Coulter).

Expression of IL-10 and IL10Ra in splenic B-cells

B-cells from Balb/c male or female mice were infected with
Salmonella GFP at an MOI of 50. At 20 h post-infection,
brefeldin A was added, and cells were cultured for an
additional 4h to reach 24h post-infection. Cells were
stained with the following antibodies: PB anti-mouse CD19
(clone 6D5, Bio-Legend), PE anti-mouse CD210 (IL-10Rx)
(clone 1B1.3a, Bio-Legend) or PerCP-Cy5.5 anti-mouse
IL-10 (clone JES5-16E3, BD Pharmigen). Stained cells were
analyzed by flow cytometry in a LSR Fortessa flow
cytometer.

In vivo infection

Balb/c male or female mice (6- to 8-week-old) were intra-
peritoneally injected with 100 CFUs of Salmonella Typhi-
murium in 100 pL of PBS. At 3- and 5 days post-infection,
mice were euthanized, and the spleens were harvested. A cell
suspension was prepared, and bacterial load was determined
by lysing 1 X 10° cells and plating serial dilutions on LB
agar. B-cells were purified by negative selection and used to

asses IL-10 production and expression of IL-10Ra ex-vivo by
flow cytometry.

ELISA assays

B-cells were infected in vitro as described above. Twenty-
four hours after infection, cell culture supernatants were
collected, and the concentrations of TNFa, IL-6, IL-10, and
RANTES were quantified by ELISA (R&D Systems)
according to the manufacturer’s instructions.

RESULTS

B-cells infected with Salmonella produce pro-
inflammatory cytokines

During Salmonella infection, pro-inflammatory cytokines
such as TNFa and IL-6 are produced by different types of
cells, including epithelial cells, macrophages, dendritic cells,
and neutrophils [8, 18]. These cytokines are key for pro-
moting bacterial clearance. For instance, RANTES (CCL5) is
produced by macrophages and dendritic cells in response to
Salmonella infection; this chemokine recruits T-cells, natural
killer cells, dendritic cells, and monocytes [19]. Previous
studies have shown that B-cells can produce TNFo and IL-6
when stimulated with CD40L, BCR, and inflammatory
stimuli, including viral infections and LPS [18, 20, 21]. On
the other hand, B-cells can produce RANTES when they are
stimulated with LPS [22]. We evaluated whether Salmonella-
infected B-cells can produce TNFa, IL-6, and RANTES.
Splenic B-cells were infected with Salmonella, and 24 h post-
infection, supernatant of infected cells was collected to
determine the production of the cytokines by ELISA. The
results show that B-cells infected with Salmonella release
significant TNFa and IL-6 when we used an MOI of 25 and
50 (Fig. 1A and 1B).

In contrast, B-cells infected with Salmonella do not release
RANTES (Fig. 1C). Thus, B-cells might initiate or amplify
an inflammatory response during Salmonella infection.
However, the absence of RANTES production in infected
B-cells is notable. RANTES is a chemokine that recruits
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Fig. 1. Infected B-cells with Salmonella release pro-inflammatory cytokines. A million splenic B-cells were infected with Salmonella
Typhimurium at the indicated MOI and incubated for 24 h. After incubation, cell culture supernatant was recovered to quantify the (A)
TNFa, (B) IL-6, and (C) RANTES released by ELISA. The data shown comprises three independent experiments that were duplicated
(n = 6). Bars present the mean + SEM, one-way ANOVA analyzed data, and Welch’s multiple comparison tests were performed to compare

the treated groups with the control group. Significant changes are indicated by “P < 0.05,

P < 0.001. ns = not significant
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T cells, monocytes, and other immune cells to sites of
infection [23]. This result suggests that, while B-cells respond
to Salmonella by producing inflammatory cytokines, they
may not directly contribute to the chemokine-mediated
recruitment of immune cells.

TNFa, IL-1B, and IFN-y induce bactericidal activity on
B-cells

Pro-inflammatory cytokines, including TNFa, IL-1B, and
IFN-y are critical for controlling Salmonella infection
[24-28]. For example, TNFa stimulation prevents M2
macrophage polarization, disrupting the establishment of
persistent infections [18]. The cytokine IL-1p enhances
antimicrobial immunity against intracellular bacteria [29],
while IFN-y boosts macrophage’s capacity to clear intracel-
lular Salmonella [30]. Thus, pro-inflammatory cytokines are
pivotal in activating macrophages to kill intracellular bac-
teria. In contrast, we have previously shown that Salmonella
can survive and establish a chronic infection in B-cells
[4, 31]. Therefore, we assessed whether the pre-activation of
B-cells with pro-inflammatory cytokines can induce anti-
bactericidal activity in these cells. After 24h of infection,
about 70% of Salmonella persists within B-cells, while only
1% survives in macrophages when both types of cells are
infected under resting conditions (Fig. 2). Pre-activation of
B-cells with TNFa or IFN-y resulted in a significative
reduction in viable bacteria at 24 h post-infection (Fig. 2A
and 2C). B-cells stimulated with IL-1f internalized twice as
many bacteria as mock-stimulated cells. They were also able
to control bacterial growth (Fig. 2B). In macrophages, only
high concentrations of cytokines led to a slight reduction in
bacterial load after 24 h of infection (Fig. 2D-F). To assess
bacterial control, we calculated the percentage of Salmonella
survival under different conditions in B-cell and macro-
phages. We found that TNFa, IL-1f, or IFN-y stimulation
significantly reduced bacterial survival inside B-cells from
70% in non-primed cells to 9-20% in cytokine-primed cells
(Fig. 2G). All these data showed that B-cells can significantly
reduce Salmonella survival when primed with pro-inflam-
matory cytokines. In contrast, in macrophages, only the high
concentration of IFN-y (1,250 pg mL™") had a significant
effect on Salmonella survival (Fig. 2H). These findings
highlight the complexity of the interaction of Salmonella
with the different immune cell types and the microenvi-
ronment, which ultimately results in the elimination or
persistence of the bacteria in the host.

B-cells stimulated with TNFa, IL-1B, and IFNy induce
ROS and RNS activity

The production of Reactive Oxygen and Nitrogen Species
(ROS and RNS, respectively) is a crucial mechanism for
controlling intracellular pathogens, including Salmonella
[25]. Cytokines such as TNFa, IL-1p, and IFNy are known
to enhance the production of these microbicidal mediators
[32-34]. As previously described, B-cells primed with TNFa,
IL-1p, or IFN-y efficiently control intracellular Salmonella.

Therefore, we assessed whether B-cells primed with these
cytokines could produce ROS and RNS during infection
with Salmonella. Our results showed that stimulation with
TNFa, IL-1B, or IFN-y alone did not induce ROS or
RNS production (data not shown). However, ROS and RNS
production was triggered after Salmonella infection in
cytokine-primed B-cells (Fig. 3). Salmonella infection in-
duces ROS production in 2.7% of unprimed B-cells
(Fig. 3A). In cytokine-primed B-cells, the percentage of cells-
producing ROS increased, with stimulation by IFN-y (1,250
ng mL~") raised the proportion to 8% (Fig. 3A). In mac-
rophages, the lower concentration of pro-inflammatory cy-
tokines and Salmonella infection did not induce a robust
production of ROS. Nevertheless, the Salmonella infection of
B-cells primed with higher concentrations of pro-inflam-
matory cytokines induces a strong production of ROS
(greater than 26.6% of B-cells) (Fig. 3B).

Next, we assessed the production of RNS in B-cells and
macrophages following Salmonella infection. The results
showed that B-cells primed with TNFa, IL-1p, or IFN-y
exhibited a 3 to 6-fold increase in RNS production compared
to untreated B-cells upon infection (Fig. 3C). Notably,
stimulation of B-cells with IL-1p resulted in a significantly
increased production of RNS. In contrast, in macrophages,
only those primed with 1,250 pg mL™~' IFN-y showed a
marked increase in the RNS production relative to unprimed
macrophages (Fig. 3D). These results indicate that priming
B-cells with TNFa, IL-1, or IFN-y enhances the production
of both ROS and RNS during Salmonella infection. This
suggests that the production of these oxidative molecules in
B-cells plays a role in facilitating bacterial clearance.

Salmonella-infected B-cells produce IL-10

The host’s inflammatory responses often play a crucial role
in controlling bacterial infections. However, certain bacterial
pathogens, such as Salmonella, have developed strategies to
evade immune detection, enabling them to establish a
chronic infection [35]. One key mechanism for evading
innate immunity involves the production of IL-10, a potent
anti-inflammatory cytokine [36, 37]. IL-10 is secreted by
various immune cells, including neutrophils, macrophages,
dendritic cells, T-cells, and B-cells [38]. During systemic
Salmonella infections, IL-10 is primarily produced by B- and
T-cells [36, 39]. Previous research showed that Epstein-Bar
virus-transformed lymphoblastoid B cell lines infected with
Salmonella produced IL-10 [40]. However, whether infected
B-cells produce IL-10 remains unclear. To investigate this,
we isolated B-cells from the spleen and infected them with
Salmonella expressing the Green Fluorescent Protein (Sal-
monella GFP) to identify B-cells harboring the bacteria.
At 24 h post-infection, we assessed the presence of intra-
cellular IL-10 and the expression of IL-10R on the cell
surface. In line with our previous findings [15, 41], a small
percentage of B-cells are infected with Salmonella (GFP™*
cells) (Fig. 4A). After incubation, only about 3.5% of
uninfected B-cells produce IL-10, and the percentage of
IL-10-producing B-cells increased ~ 3-fold in cells that were
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Fig. 2. Primed B-cells control intracellular Salmonella. A million of splenic purified B-cells (A-C) or bone marrow-derived macrophages
(BMDM) (D-F) were mock stimulated or stimulated with (A, D) TNFa, (B, C) IL-1f, or (C, F) IFNy for 3 h with the indicated con-
centrations, and then infected with Salmonella Typhimurium at MOI = 50. After 1-, 3-, and 24 h post-infection, cells were lysed with

Triton-X 1% (v/v), and Colony Forming Units (CFUs) were determined by plating serial dilutions on LB agar. The percentage of Salmonella

survival in B-cells (G) and BMDM (H) at 24 h post-infection was quantified. The data shown comprises two independent experiments by
triplicates (n = 6) and is presented as the mean + SEM. Data were analyzed by one-way ANOVA. Welch’s multiple comparison tests

compared the treated groups with the control group (mock primed cells), for CFUs data were analyzed within treatments at each time point.
Significant changes are indicated by *P < 0.05, **P < 0.01, ****P < 0.0001

in contact with the bacterium. Less than 1% of uninfected
cells produced IL-10 or expressed IL-10. Similar results were
observed in B-cells that were in contact with Salmonella but
did not internalize bacteria (GFP~ cells). However, the
percentage of B-cells producing IL-10 increased significantly
in cells harboring Salmonella (GFP™ cells) (Fig. 4B and 4C).
Similar results were observed for the expression of IL-10R
(Fig. 4B and 4D).

To further investigate whether Salmonella can induce
IL-10 production in B-cells during in vivo infection, we
infected mice intraperitoneally with Salmonella, and 3- and
5-days post-infection, the spleen was harvested, and B-cells

were isolated. Subsequently, 1 X 107 B-cells were either
cultured alone or restimulated with Salmonella for 24h ex
vivo; the concentration of IL-10 in the cell culture supernatant
was determined by ELISA. Salmonella seemed to induce
secretion of IL-10 even in cells from uninfected mice, and
IL-10 production was significantly increased in B-cells from
mice that were infected for five days (Fig. 4E). Moreover, the
bacterial burden was higher at five than at three days post-
infection (Fig. 4F), suggesting a positive correlation between
the bacterial load and the capacity of B-cells to produce
IL-10. These findings demonstrate that Salmonella infection
induces IL-10 production in B-cells and upregulates IL-10R
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Fig. 3. B-cells infected with Salmonella produce ROS and RNS. A million splenic B-cells (A) or BMDM (B) were mock-stimulated or
stimulated with the indicated pro-inflammatory cytokines for 3 h. Cells were incubated in the presence of CM-H,DCFDA for 30 min and
then infected with Salmonella Typhimurium at an MOI = 50 for 30 min. At 30 min post-infection, cells were analyzed by flow cytometry to
determine the percentage of cells producing reactive oxygen species. A representative histogram for each condition is presented. One million
splenic B-cells (C) or BMDM (D) were mock stimulated or stimulated with pro-inflammatory cytokines for 3 h. Then, cells were infected
with Salmonella Typhimurium at an MOI = 50. At 24 h post-infection, cell culture supernatants were harvested to quantify the nitrite
production using the Griess method. The data shown comprise two independent experiments by triplicates (n = 6). Bars present the mean +
SEM; one-way ANOVA analyzed data. Welch’s multiple comparison tests were performed to compare the treated groups with the control
group (mock primed cells). Significant changes are indicated by “P < 0.05
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Fig. 4. IL-10 production in B-cells upon infection with Salmonella. (A-D) B-cells were infected with Salmonella GFP at MOI = 50; at
20 h post-infection, brefeldin A was added for 4 h, and cells were analyzed by flow cytometry to determine the percentage of IL-10-pro-
ducing B-cells. Representative dot plots of uninfected cells and infected cells (GFP™ and GFP™ cells) (A) and IL-10" B-cells or ILIOR"
B-cells are shown (B). The percentage of IL-10* B (C) cells or ILLOR™ B-cells (D) was determined. (E, F) Mice were intraperitoneally

infected with a dose of 100 CFUs of Salmonella Typhimurium, 3 or 5 days post-infection, mice were euthanized, and the spleen was
harvested. (E) B-cells were enriched, and 1 X 107 cells were cultured alone or stimulated with Salmonella Typhimurium for 24 h. Then, the

cell culture supernatant was recovered to determine IL-10 concentration using ELISA. (F) Serial dilutions from spleen homogenates
determined bacterial load and plated them on LB agar. The data shown comprises four (C, D) or two (E, F) independent experiments.
Bars present the mean + SEM (C-E) or geometric mean (F). Each circle represents a mouse (E, F). The data were analyzed using a one-way
ANOVA test. Tukey’s multiple comparisons test was performed to compare groups with each other (C-E) or Mann-Whitney’s test (F).
Significant changes are indicated by *P < 0.05, **P < 0.01
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expression in infected cells. This suggests that IL-10 may
trigger autocrine signaling, potentially facilitating the estab-
lishment of chronic infection within B-cells.

DISCUSSION AND CONCLUSIONS

B-cells are essential for controlling secondary infections with
Salmonella serovars, primarily by producing pathogen-specific
antibodies. Studies have shown that B-cell deficient mice
immunized with a Salmonella attenuated strain and subse-
quently challenged with a virulent strain fail to clear the
infection efficiently [42]. However, B-cells also play a critical
role during Salmonella primary infection. Research from our
group and others has demonstrated that B-cells are a target of
Salmonella infection [4, 7, 43]. The invasion of B-cell by Sal-
monella depends on virulence genes encoded in the pathoge-
nicity island 1 (IP1) [7]. Once inside B-cells, the pathogen can
persist up to 60 days in B-cells. One key mechanism Salmonella
employs to ensure its long-term survival in B-cells is inhibiting
inflammasome activation. This suppression prevents IL-1f
and blocks pyroptotic cell death, allowing the bacteria to evade
immune detection and elimination [13], potentially contrib-
uting to chronic infection and bacterial carriage.

On the other hand, we observed that B-cells secrete pro-
inflammatory cytokines such as TNFoa and IL-6, whose
secretion does not relay on inflammasome activation (Fig. 1A
and 1B). These findings suggest that B-cells can initiate a pro-
inflammatory response during Salmonella infection. Previous
studies have shown that B-cell receptor (BCR) and CD40L
stimulation can induce the production of TNFx and IL-6 in
B-cells [44]. Additionally, B-cells produce these cytokines
in the context of infection. For example, human B-cells
transformed with Epstein Barr Virus [45, 46] and B-cells from
tonsils or peripheral blood stimulated with Staphylococcus
aureus in combination with IL-2 are capable of producing
TNFa and IL-6 [47].

On the other hand, we observed that the secretion of
IL-6 was increased only when B-cells were infected at
higher MOIs (25 and 50). This suggests that a threshold of
bacterial load is required to increase the production of IL-6.
In vivo, Salmonella can accumulate in specific tissues, such
as the spleen, where localized bacterial concentrations may
reach levels high enough to infect B-cells. These conditions
may reflect the conditions used during in vitro experi-
ments, supporting the physiological relevance of our find-
ings. While B-cells can produce chemokines such as
RANTES (CCL5) during infections like Trypanosoma cruzi
[22], we found that Salmonella infection does not signifi-
cantly alter RANTES production in B-cells. RANTES is a
chemokine that recruits T-cells, monocytes, and other
immune cells to sites of infection [23], and its absence in
the context of Salmonella infection suggests that B-cells
may not play a direct role in chemokine-mediated immune
cell recruitment during this particular infection. This
finding underscores the context-dependent nature of B-cell
responses and highlights the complexity of their role in
different infections.

Cytokines like TNFa, IL-1B, and IFN-y play a central role
in the host defense against Salmonella. Blocking TNFo with
specific antibodies increases susceptibility to infection in mice
[27], while administration of recombinant TNFo enhances
resistance to the infection [48]. IL-1p promotes antimicrobial
immunity against intracellular bacteria [29], and IFN-y is
crucial to control systemic infections. Neutralizing IFNy
during infection increases bacterial burden and host mortality,
as this cytokine is a key enhancer of antibacterial activity in
macrophages [27, 49]. Consistent with these findings, we
observed a significant reduction in Salmonella survival in
macrophages treated with recombinant IFN-y (Fig. 2H). Other
studies have shown that stimulating macrophages with TNF«
or IL-1p enhances their antimicrobial functions [29, 50]. In the
case of B-cells, we found that stimulation of the cells with
TNFa, IL-1f, or IFN-y promotes infection control, signifi-
cantly reducing bacterial survival after 24h post-infection.
This suggests that a pro-inflammatory environment may help
B-cells clear the infection (Fig. 2A-C and 2G). ROS and NOS
production are among the mechanisms that control intracel-
lular bacteria [51]. When B-cells were stimulated with TNFa,
IL-1P, or IFEN-y we observed an increase in the production of
ROS and NOS, indicating that these microbicidal mechanisms
contribute to controlling Salmonella infection in cytokine-
stimulated B-cells (Fig. 3). Thus, in vitro, B-cells can produce
pro-inflammatory cytokines and effectively control Salmonella
infection in the presence of a pro-inflammatory environment.
The ability of B-cells to respond to cytokine stimulation and
produce ROS and NOS suggests that they can act as auxiliary
effector cells in the immune response to intracellular patho-
gens. However, the extent to which B-cells contribute to bac-
terial clearance in vivo, particularly in chronic or systemic
infections, remains an area for further investigation.

Conversely, B-cells also produce anti-inflammatory cyto-
kines such as IL-10, IL-35, and TGFp [52]. IL-10-producing
B-cells have been shown to suppress the progression of colitis
and experimental arthritis in mice [53, 54]. In the context of
infection, Brucella abortus induces TGF-p and IL-10 pro-
duction in infected B-cells, and B-cell-deficient mice are more
resistant to the infection [55]. We found that Salmonella-
infected B-cells produce IL-10 and express the IL-10 receptor.
B-cells isolated from the spleen of infected mice produce
IL-10 upon restimulation with Salmonella, and the levels of
production of IL-10 by B-cells correlate with the bacterial
burden in the spleen (Fig. 4). The production of IL-10 B-cells
by Salmonella-infected B-cells is interesting, as this cytokine
can inhibit the activation of macrophages, dendritic cells
and T cells [56], thereby limiting the host’s ability to mount
an effective immune response. By inducing IL-10 production,
Salmonella may exploit B-cells to create an immunosup-
pressive niche that allows the bacteria to evade immune
detection and persist within the host. This may be another
mechanism by which Salmonella is able to survive within
B cells for extended periods.

Overall, these findings highlight the complex and multi-
faceted role of B-cells in the immune response to Salmonella
infection. On one hand, B-cells can contribute to bacterial
clearance by producing pro-inflammatory cytokines, ROS,
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and RNS, particularly when primed with pro-inflammatory
cytokines. On the other hand, the production of IL-10 by
infected B-cells may help Salmonella evade immune detection
and establish chronic infection. It also raises important
questions about how pathogens like Salmonella manipulate
B-cell responses to their advantage. Further research is
needed to elucidate the mechanisms by which Salmonella
induces IL-10 production in B-cells and to explore whether
targeting this pathway could enhance host immunity and
reduce bacterial persistence.

Ethics statement: All animal experimental protocols were
implemented by the instructions of the ethics committee.

Funding: The Consejo Nacinal de Tecnologia (grant CF-2019-
21089) to VON supported this work.

Authors’ contributions: APL, RRR, CMAA, and VON
conceived and designed the study; APL and GHG performed
the experiments and analyzed the data; APL, RRR, and VON
wrote the initial version of the manuscript; and APL, GHG,
RRR, CMAA, JIS, and VON have read, revised, and agreed
to the final version of the manuscript.

Conflict of interest: The authors declare no conflict of
interest.

ACKNOWLEDGMENTS

APL received a postdoctoral fellowship from the Programa de
Becas Posdoctorales from the Direccion General de Asuntos
del Personal Academico, UNAM (DGAPA-UNAM).

REFERENCES

1. Ohl ME, Miller SI. Salmonella: a model for bacterial pathogenesis.
Annu Rev Med. 2001;52:259-74.

2. Haraga A, Ohlson MB, Miller SI. Salmonellae interplay with host
cells. Nat Rev Microbiol. 2008;6:53-66.

3. GBD 2017 Typhoid and Paratyphoid Collaborators. The global
burden of typhoid and paratyphoid fevers: a systematic analysis for
the Global Burden of Disease Study 2017. Lancet Infect Dis. 2019;
19:369-81.

4. Castro-Eguiluz D, Pelayo R, Rosales-Garcia V, Rosales-Reyes R,
Alpuche-Aranda C, Ortiz-Navarrete V. B cell precursors are targets
for Salmonella infection. Microb Pathog. 2009;47:52-6.

5. Souwer Y, Griekspoor A, de Wit J, Martinoli C, Zagato E, Janssen H,
et al. Selective infection of antigen-specific B lymphocytes by Sal-
monella mediates bacterial survival and systemic spreading of
infection. PLoS One. 2012;7:¢50667.

6. Verjans GM, Ringrose JH, van Alphen L, Feltkamp TE, Kusters JG.
Entrance and survival of Salmonella typhimurium and Yersinia
enterocolitica within human B- and T-cell lines. Infect Immun.
1994;62:2229-35.

7. Rosales-Reyes R, Pérez-Lopez A, Sanchez-Gémez C, Herndndez-Mote RR,
Castro-Eguiluz D, Ortiz-Navarrete V, et al. Salmonella infects B

10

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

cells by macropinocytosis and formation of spacious phagosomes
but does not induce pyroptosis in favor of its survival. Microb
Pathog. 2012;52:367-74.

. Eckmann L, Kagnoff MF. Cytokines in host defense against Sal-

monella. Microbes Infect. 2001;3:1191-200.

. Nauciel C. Role of CD4+ T cells and T-independent mechanisms

in acquired resistance to Salmonella typhimurium infection.
J Immunol. 1990;145:1265-9.

. Mastroeni P, Villarreal-Ramos B, Hormaeche CE. Adoptive transfer

of immunity to oral challenge with virulent salmonellae in innately
susceptible BALB/c mice requires both immune serum and T cells.
Infect Immun. 1993;61:3981-4.

Nanton MR, Way SS, Shlomchik M]J, McSorley SJ. Cutting edge:
B cells are essential for protective immunity against Salmonella
independent of antibody secretion. ] Immunol. 2012;189:5503-7.
Baumler A, Fang FC. Host specificity of bacterial pathogens. Cold
Spring Harb Perspect Med. 2013;3:a010041.

R, Alpuche-Aranda CM,
Ortiz-Navarrete V. Salmonella downregulates Nod-like receptor

Perez-Lopez A, Rosales-Reyes
family CARD domain containing protein 4 expression to promote
its survival in B cells by preventing inflammasome activation and
cell death. ] Immunol. 2013;190:1201-9.

Garcia-Gil A, Galan-Enriquez CS, Pérez-Lopez A, Nava P,
Alpuche-Aranda C, Ortiz-Navarrete V. SopB activates the Akt-YAP
pathway to promote Salmonella survival within B cells. Virulence.
2018;9:1390-402.

Swanson JA. Phorbol esters stimulate macropinocytosis and solute
flow through macrophages. J Cell Sci. 1989;94 ( Pt 1):135-42.
Green LC, Wagner DA, Glogowski J, Skipper PL, Wishnok ]S,
Tannenbaum SR. Analysis of nitrate, nitrite, and [15N]nitrate in
biological fluids. Anal Biochem. 1982;126:131-8.

Meissner F, Molawi K, Zychlinsky A. Superoxide dismutase 1
regulates caspase-1 and endotoxic shock. Nat Immunol. 2008;9:
866-72.

Pham THM, Brewer SM, Thurston T, Massis LM, Honeycutt J,
Lugo K, et al. Salmonella-driven polarization of granuloma mac-
rophages antagonizes TNF-mediated pathogen restriction during
persistent infection. Cell Host Microbe. 2020;27:54-67.€5.

Appay V, Rowland-Jones SL. RANTES: a versatile and controversial
chemokine. Trends Immunol. 2001;22:83-7.

Vazquez MI, Catalan-Dibene J, Zlotnik A. B cells responses and
cytokine production are regulated by their immune microenvi-
ronment. Cytokine. 2015;74:318-26.

Castleman M]J, Santos AL, Lesteberg KE, Maloney JP, Janssen W],
Mould K], et al. Activation and pro-inflammatory cytokine pro-
duction by unswitched memory B cells during SARS-CoV-2
infection. Front Immunol. 2023;14:1213344.

Sullivan NL, Eickhoff CS, Zhang X, Giddings OK, Lane TE,
Hoft DF. Importance of the CCR5-CCLS5 axis for mucosal Trypa-
nosoma cruzi protection and B cell activation. ] Immunol. 2011;
187:1358-68.

Khalil BA, Elemam NM, Maghazachi AA. Chemokines and che-
mokine receptors during COVID-19 infection. Comput Struct
Biotechnol J. 2021;19:976-88.

Mastroeni P, Arena A, Costa GB, Liberto MC, Bonina L,
Hormaeche CE. Serum TNF alpha in mouse typhoid and
enhancement of a Salmonella infection by anti-TNF alpha anti-
bodies. Microb Pathog. 1991;11:33-8.



European Journal of Microbiology and Immunology 15 (2025) 1, 32-41

41

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Muotiala A, Mikeld PH. The role of IFN-gamma in murine Sal-
monella typhimurium infection. Microb Pathog. 1990;8:135-41.
Muotiala A, Mikeld PH. Role of gamma interferon in late stages of
murine salmonellosis. Infect Immun. 1993;61:4248-53.

Nauciel C, Espinasse-Maes F. Role of gamma interferon and tumor
necrosis factor alpha in resistance to Salmonella typhimurium
infection. Infect Immun. 1992;60:450-4.

Raupach B, Peuschel S-K, Monack DM, Zychlinsky A. Caspase-1-
mediated activation of interleukin-lbeta (IL-1beta) and IL-18
contributes to innate immune defenses against Salmonella enterica
serovar Typhimurium infection. Infect Immun. 2006;74:4922-6.
Jayaraman P, Sada-Ovalle I, Nishimura T, Anderson AC,
Kuchroo VK, Remold HG, et al. IL-1p promotes antimicrobial
immunity in macrophages by regulating TNFR signaling and cas-
pase-3 activation. ] Immunol. 2013;190:4196-204.

Gordon MA, Jack DL, Dockrell DH, Lee ME, Read RC. Gamma
interferon enhances internalization and early nonoxidative killing
of Salmonella enterica serovar Typhimurium by human macro-
phages and modifies cytokine responses. Infect Immun. 2005;73:
3445-52.

Lépez-Medina M, Carrillo-Martin I, Leyva-Rangel ], Alpuche-Aranda C,
Ortiz-Navarrete V. Salmonella impairs CD8 T cell response
through PD-1: PD-L axis. Immunobiology. 2015;220:1369-80.
Wang S, Leonard SS, Castranova V, Vallyathan V, Shi X. The role
of superoxide radical in TNF-alpha induced NF-kappaB activation.
Ann Clin Lab Sci. 1999;29:192-9.

Yang D, Elner SG, Bian Z-M, Till GO, Petty HR, Elner VM. Pro-
inflammatory cytokines increase reactive oxygen species through
mitochondria and NADPH oxidase in cultured RPE cells. Exp Eye
Res. 2007;85:462-72.

Herb M, Schramm M. Functions of ROS in macrophages and
antimicrobial immunity. Antioxidants (Basel). 2021;10. https://doi.
org/10.3390/antiox10020313.

Bernal-Bayard ], Ramos-Morales F. Molecular mechanisms used by
Salmonella to evade the immune system. Curr Issues Mol Biol.
2018;25:133-68.

Salazar GA, HF, Pardo-Roa C, Schultz BM,
Muioz-Durango N, Gémez RS, et al. Interleukin-10 production by

Pefialoza

T and B cells is a key factor to promote systemic Salmonella enterica
serovar typhimurium infection in mice. Front Immunol. 2017;8:889.
Kurtz JR, Nieves W, Bauer DL, Israel KE, Adcox HE, Gunn JS, et al.
Salmonella persistence and host immunity are dictated by the
anatomical microenvironment. Infect Immun. 2020;88. https://doi.
org/10.1128/1A1.00026-20.

Hedrich CM, Bream JH. Cell type-specific regulation of IL-10
expression in inflammation and disease. Immunol Res. 2010;47:
185-206.

Pie S, Matsiota-Bernard P, Truffa-Bachi P, Nauciel C. Gamma
interferon and interleukin-10 gene expression in innately susceptible
and resistant mice during the early phase of Salmonella typhimurium
infection. Infect Immun. 1996;64:849-54.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Jaslow SL, Gibbs KD, Fricke WF, Wang L, Pittman K],
Mammel MK, et al. Salmonella activation of STAT3 signaling by
SarA effector promotes intracellular replication and production of
IL-10. Cell Rep. 2018;23:3525-36.

Lopez-Medina M, A, Alpuche-Aranda C,
Ortiz-Navarrete V. Salmonella induces PD-L1 expression in B cells.
Immunol Lett. 2015;167:131-40.

McSorley SJ, Jenkins MK. Antibody is required for protection

Perez-Lopez

against virulent but not attenuated Salmonella enterica serovar
typhimurium. Infect Immun. 2000;68:3344-8.

Geddes K, Cruz F, Heftron F. Analysis of cells targeted by Salmo-
nella type III secretion in vivo. PLoS Pathog. 2007;3:e196.

Duddy ME, Alter A, Bar-Or A. Distinct profiles of human B cell
effector cytokines: a role in immune regulation? ] Immunol. 2004;
172:3422-7.

Kawano M, Hirano T, Matsuda T, Taga T, Horii Y, Iwato K, et al.
Autocrine generation and requirement of BSF-2/IL-6 for human
multiple myelomas. Nature. 1988;332:83-5.

Sung SS, Jung LK, Walters JA, Chen W, Wang CY, Fu SM. Pro-
duction of tumor necrosis factor/cachectin by human B cell lines
and tonsillar B cells. ] Exp Med. 1988;168:1539-51.

Rieckmann P, D’Alessandro F, Nordan RP, Fauci AS, Kehrl JH.
IL-6 and tumor necrosis factor-alpha. Autocrine and paracrine
cytokines involved in B cell function. ] Immunol. 1991;146:
3462-8.

Nakano Y, Onozuka K, Terada Y, Shinomiya H, Nakano M. Pro-
tective effect of recombinant tumor necrosis factor-alpha in murine
salmonellosis. ] Immunol. 1990;144:1935-41.

Greenlee-Wacker MC, Nauseef WM. IFN-y targets macrophage-
mediated immune responses toward Staphylococcus aureus.
] Leukoc Biol. 2017;101:751-8.

Parameswaran N, Patial S. Tumor necrosis factor-o signaling
in macrophages. Crit Rev Eukaryot Gene Expr. 2010;20:87-103.
Vatansever F, de Melo WCMA, Avci P, Vecchio D, Sadasivam M,
Gupta A, et al. Antimicrobial strategies centered around reactive
oxygen species—bactericidal antibiotics, photodynamic therapy, and
beyond. FEMS Microbiol Rev. 2013;37:955-89.

de Gruijter NM, Jebson B, Rosser EC. Cytokine production by
human B cells: role in health and autoimmune disease. Clin Exp
Immunol. 2022;210:253-62.

Mauri C, Gray D, Mushtaq N, Londei M. Prevention of arthritis by
interleukin 10-producing B cells. ] Exp Med. 2003;197:489-501.
Mizoguchi A, Mizoguchi E, Takedatsu H, Blumberg RS, Bhan AK.
Chronic intestinal inflammatory condition generates IL-10-pro-
ducing regulatory B cell subset characterized by CD1d upregula-
tion. Immunity. 2002;16:219-30.

Goenka R, Parent MA, Elzer PH, Baldwin CL. B cell-deficient mice
display markedly enhanced resistance to the intracellular bacterium
Brucella abortus. ] Infect Dis. 2011;203:1136-46.

Couper KN, Blount DG, Riley EM. IL-10: the master regulator of
immunity to infection. ] Immunol. 2008;180:5771-7.

Open Access statement. This is an open-access article distributed under the terms of the Creative Commons Attribution-NonCommercial 4.0 International License
(https://creativecommons.org/licenses/by-nc/4.0/), which permits unrestricted use, distribution, and reproduction in any medium for non-commercial purposes, provided
the original author and source are credited, a link to the CC License is provided, and changes - if any - are indicated.


https://doi.org/10.3390/antiox10020313
https://doi.org/10.3390/antiox10020313
https://doi.org/10.1128/IAI.00026-20
https://doi.org/10.1128/IAI.00026-20
https://creativecommons.org/licenses/by-nc/4.0/

	Outline placeholder
	Pro-inflammatory and anti-inflammatory responses in B cells during Salmonella infection
	Introduction
	Material and methods
	Bacterial strains and growth conditions
	B-cell purification and in vitro infection
	Bone marrow-derived macrophage obtention (BMDM) and in vitro infection
	Salmonella survival in stimulated B-cells and BMDM
	Reactive nitrogen and oxygen species detection
	Expression of IL-10 and IL10Rα in splenic B-cells
	In vivo infection
	ELISA assays

	Results
	B-cells infected with Salmonella produce pro-inflammatory cytokines
	TNFα, IL-1β, and IFN-γ induce bactericidal activity on B-cells
	B-cells stimulated with TNFα, IL-1β, and IFNγ induce ROS and RNS activity
	Salmonella-infected B-cells produce IL-10

	Discussion and conclusions
	Acknowledgments
	References


