A AMERICAN Infection and
SOCIETY FOR . ®
MICROBIOLOGY Immunlty

HOST RESPONSE AND INFLAMMATION

L)

Check for
updates

Salmonella Persistence and Host Immunity Are Dictated by

the Anatomical Microenvironment

Jonathan R Kurtz,® Wildaliz Nieves,® David L. Bauer,® Kate E. Israel,® Haley E. Adcox,P<< John S. Gunn,*><9 Lisa A. Morici,?

James B. McLachlan?

2Department of Microbiology and Immunology, Tulane University School of Medicine, New Orleans, Louisiana, USA

bCenter for Microbial Pathogenesis, Abigail Wexner Research Institute at Nationwide Children’s Hospital, Columbus, Ohio, USA

“Department of Pediatrics, College of Medicine, The Ohio State University, Columbus, Ohio, USA
dinfectious Diseases Institute, The Ohio State University, Columbus, Ohio, USA

ABSTRACT The intracellular bacterial pathogen Salmonella is able to evade the im-
mune system and persist within the host. In some cases, these persistent infections
are asymptomatic for long periods and represent a significant public health hazard
because the hosts are potential chronic carriers, yet the mechanisms that control
persistence are incompletely understood. Using a mouse model of chronic typhoid
fever combined with major histocompatibility complex (MHC) class Il tetramers to in-
terrogate endogenous, Salmonella-specific CD4™ helper T cells, we show that certain
host microenvironments may favorably contribute to a pathogen’s ability to persist
in vivo. We demonstrate that the environment in the hepatobiliary system may con-
tribute to the persistence of Salmonella enterica subsp. enterica serovar Typhimurium
through liver-resident immunoregulatory CD4* helper T cells, alternatively activated
macrophages, and impaired bactericidal activity. This contrasts with lymphoid or-
gans, such as the spleen and mesenteric lymph nodes, where these same cells ap-
pear to have a greater capacity for bacterial killing, which may contribute to control
of bacteria in these organs. We also found that, following an extended period of in-
fection of more than 2 years, the liver appeared to be the only site that harbored
Salmonella bacteria. This work establishes a potential role for nonlymphoid organ
immunity in regulating chronic bacterial infections and provides further evidence for
the hepatobiliary system as the site of chronic Salmonella infection.

KEYWORDS CD4 T cell, Salmonella, immune regulation, liver immunology,
macrophages

yphoid fever is caused by the intracellular bacterium Salmonella enterica subsp.

enterica serovar Typhi, with an estimated global burden of over 27 million cases
annually and a case mortality of about 1% (1). For reasons not fully understood, it is
estimated that 5% of typhoid patients fail to clear the infection within a year, progress-
ing instead to a chronic carrier state. These individuals are usually asymptomatic, and
survival of the bacterium is likely to involve successful localization to a permissive niche
within the host. In humans, it is believed that this niche is primarily within macrophages
of the hepatobiliary system and gallstones in the gallbladder (2). This observation is also
supported by data collected from S. Typhi-positive cadavers showing S. Typhi present
in 85.7% of liver tissues (3). The potential maintenance of Salmonella infection in the
hepatobiliary system is perhaps not surprising, as the liver is an immune-tolerogenic
organ that can be transplanted without immunosuppressive drugs, whereas other
organs would be rejected; this phenomenon may be coordinated by CD4™* regulatory
T (Treg) cells expressing the Fas ligand protein (4, 5). It has been suggested that
anti-inflammatory mediators, such as interleukin 10 (IL-10), are responsible for restrict-
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ing unnecessary inflammation in the liver and may contribute to persistence of certain
infections, such as those with hepatitis virus (6-10). The typhoid carrier state is difficult
to identify and treat because affected individuals are normally asymptomatic, and
antibiotic treatment is often ineffective, possibly leading to increased bacterial shed-
ding in the feces. Therefore, a better understanding of the physiological mechanisms
that define the carrier state is needed, as these individuals remain a reservoir of
Salmonella transmission. Furthermore, increased comprehension of the role of the
immune response against bacteria during this persistent state has the potential to
contribute to novel treatment and clearance of chronic infection, breaking this cycle of
transmission.

Engagement of the adaptive immune response is critical for Salmonella clearance
during persistent infection. In particular, CD4™ T cells seem to be required for prevent-
ing the increase in bacterial burden and mortality (11-13). The protective role of CD4+
T cells against Salmonella infection is attributed to the production of inflammatory
cytokines, such as gamma interferon (IFN-y) and tumor necrosis factor alpha (TNF-«)
(14-19). Furthermore, studies using mice that lack Th1 cells due to a deficiency in the
canonical Th1 transcription factor T-bet have confirmed that these CD4" T cells are
necessary to resolve a primary Salmonella infection (20). The balance of cytokines can
potentially dictate the outcome of Salmonella infection, in which the antimicrobial
cytokine IFN-vy activates macrophages to control intracellular replication (21, 22), while
the anti-inflammatory cytokine IL-10 decreases the bactericidal activity of macrophages
(23).

Based on the fact that CD4* T cells are important mediators during Salmonella
infection, and because the hepatobiliary system is a site of bacterial persistence, we
hypothesized that Salmonella persistence may be affected by the anatomical location
of the bacteria and the accompanying Salmonella-specific CD4* T cells. We tested this
hypothesis by comparing Salmonella-specific CD4" T-cell responses between lymphoid
organs and the liver to assess how these responses may affect infection outcome.
Furthermore, we analyzed the influence the adaptive immune response at these
infection sites may have on macrophage bactericidal activity, as well as on macrophage
polarization. We show that during persistent infection, Salmonella-specific liver CD4™ T
cells produce the immunosuppressive cytokine IL-10 and may contribute to bacterial
persistence. The anatomical T-cell differences are reflected in differential macrophage
polarization between the liver and lymphoid tissues. Finally, we show that, at extremely
late time points after infection, the liver continues to harbor Salmonella bacteria. These
findings suggest that the liver provides a protected niche for Salmonella persistence
that is supported by the liver's immunosuppressive environment.

RESULTS

Salmonella-specific CD4* T cells are maintained throughout chronic infection
and are important for controlling lymphoid bacterial burdens. Previous studies in
the field have analyzed CD4™ T cell responses in lymphoid organs during chronic
Salmonella infection; however, the role of the liver during persistent infection in
regulating these responses is less clear. This is particularly true in Salmonella-resistant
mouse strains, such as 129/SvJ) mice, which possess a functional natural resistance-
associated macrophage protein 1 (NRAMP-1) gene (known as Sic71al). In contrast,
other common strains, such as C57BL/6, have a single G169D substitution in NRAMP1,
leading to a nonfunctional protein, which renders these strains highly susceptible to
Salmonella infection (24, 25). The current study sought to determine the host immune
response against a chronic Salmonella infection in the livers of resistant mice, paying
particular attention to endogenous, pathogen-specific CD4* T cells. To date, most
chronic liver immune responses have been studied in the context of viral hepatitis.
There is currently a lack of knowledge about liver-specific immunity with bacterial
infections, especially Salmonella. In order to define the role of CD4™ immune responses
to chronic Salmonella infection in the liver, we utilized a strain of Salmonella enterica
subsp. enterica serovar Typhimurium genetically tagged on the C terminus of the
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FIG 1 OmpC-2W1S-specific CD4* T cells remain elevated throughout persistent Salmonella infection and are required to control bacterial burden. (A and B)
Representative flow cytometry plots are shown for I-AP:2W1S tetramer staining for naive T cells and for T cells 17 days postinfection. (A) Spleen and (B) shows
liver 2W1S-specific T cells. Numbers are the percentage of cells in each gate. (C) Total Salmonella-specific CD4* T cells (2W1S:I-AP*) were enumerated from each
organ and are shown at the indicated times postinfection. (D) Mice chronically infected with S. Typhimurium for 44 days were antibody depleted of CD4* T
cells for 12 days before bacterial burdens were assessed. Bacterial burdens were determined in each organ after CD4* T-cell depletion. Statistical differences
were determined using two-way analysis of variance (ANOVA) and a Sidak’s multiple-comparison test. *, P < 0.05; **, P < 0.01. Representative of 2 independent

experiments for time course and 4 independent experiments for depletion.

bacterial outer membrane porin C (OmpC) with 2W1S (EAWGALANWAVDSA), a well-
known CD4+ T-cell epitope (here referred to as ST OmpC-2W15S). This strain has been
used in other studies to visualize endogenous anti-2W1S CD4* T cell responses utilizing
major histocompatibility complex (MHC) class Il tetramers (26-30). This engineered
strain allowed us to analyze the Salmonella-specific T-cell response in multiple anatomic
sites throughout the course of infection in resistant mice. In an uninfected mouse, there
are approximately 100 naive 2W1S-specific CD4" T cells in the liver (Fig. 1A). Upon oral
infection with ST OmpC2W1S, liver Salmonella-specific CD4 T cells exhibit a rapid
expansion in numbers similar to that seen in the lymphoid tissues. These Salmonella-
specific CD4* T cells then underwent a 70% reduction, on average, across all tissues,
with numbers stabilizing as mice entered the chronic phase of infection, where they
were maintained throughout (Fig. 1A).

Other groups have shown CD4 T cells to be important mediators of anti-Salmonella
immunity (11-13). To confirm this in our model, we allowed the infection to persist for
approximately 6 weeks, at which time CD4* T cells were depleted for 12 days using an
anti-CD4 antibody (12). Mice lacking CD4" T cells during chronic infection showed
increased bacterial burdens in the lymphoid tissues compared to T cell-intact mice (Fig.
1B). Although not significant, the livers of CD4-depleted mice also demonstrated an
expansion in bacterial burdens compared to T cell-intact mice.

Lymphoid Salmonella-specific CD4+/~ T cells protect against infection and
produce IFN-vy, while liver T cells exacerbate infection and produce both IL-10 and
IFN-+. In order to evaluate potential differences between lymphoid- and nonlymphoid-
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FIG 2 Spleen Salmonella-specific helper T cells contribute to protection, while liver T cells contribute to exacerbation of subsequent infections. Salmonella-
specific CD4* T cells were transferred from spleens (A and B) or livers (C and D) of chronically infected mice into naive mice 24 h before bacterial challenge
at the indicated numbers. Spleens (A and C) and livers (B and D) were harvested 22 days postinfection, and bacterial burdens in each organ were determined.
One-way ANOVA with Tukey’s post hoc analysis was used to determine statistical significance between groups. *, P < 0.05; **, P < 0.01; ***, P < 0.001. From

2 or 3 combined independent experiments. Representative of more than 5 independent experiments.

derived Salmonella-specific CD4* T cells, we employed an adoptive transfer strategy to
assess whether these cells could protect mice from subsequent challenge. 2W1S-
specific CD4™ T cells were harvested and enriched from either the lymphoid tissues
(spleen and mesenteric lymph nodes [MLNs]) or the livers of chronically infected mice
(=40 days postinfection). Cell numbers were matched, and cells were transferred
intravenously into naive animals. Mice were challenged 24 h later with ST OmpC-2W1S,
and bacterial burdens were assessed 3 weeks after infection. Mice receiving CD4+ T
cells from lymphoid tissues were significantly protected during the challenge, demon-
strating reduced bacterial burdens in the spleen, liver, and MLNs (Fig. 2A and B). The
conferred protection also showed a cellular dose-dependent response. Surprisingly,
CD4+ T cells transferred from the livers of chronically infected mice failed to protect
mice during the challenge and instead, at higher transfer numbers, exacerbated the
infection (Fig. 2C and D). These disparities led us to next assess potential functional
differences between these cells.

To evaluate functional differences between lymphoid and liver-derived Salmonella-
specific CD4" T cells, we initially assessed their cytokine production. Multiple studies
have demonstrated that IFN-vy is a crucial cytokine for Salmonella clearance (14-16).
Since liver CD4™ T cells exacerbated infection, we predicted that liver cells produced
the immunosuppressive cytokine interleukin 10. As expected, Salmonella-specific CD4™
T cells predominantly produced IFN-y during both the acute and chronic phases of
infection in the lymphoid organs (Fig. 3A and C), while these same cells in the liver
produced both IFN-y and IL-10 (Fig. 3B and D). To best delineate the cytokine
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IL-10 production. Cytokine gates were set on naive (CD44'°w) CD4+ T cells, as shown in the left column for panels A to D. Representative flow plots are shown
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differences between lymphoid and liver CD4* T cells, we normalized cytokine produc-
tion by comparing the ratio of IL-10 to IFN-7y in each tissue. Higher IL-10 production
would result in a ratio greater than 1.0, whereas more IFN-vy production would lead to
a ratio less than 1.0, with 0.0 representing a cell that produces only IFN-y. In both the
acute (Fig. 3E) and chronic (Fig. 3F) phases of infection, the liver demonstrated a
significantly higher ratio of IL-10 to IFN-y, while the splenic T cells almost entirely
produced IFN-y. These data demonstrate that Salmonella-specific T cells from each
organ are differently regulated to assume an immunosuppressive (liver) or a bacteri-
cidal (spleen) phenotype. The different phenotypes imply that the T cells from each
organ may contribute to clearance in the spleen or lymph nodes and to persistence in
the liver.

Because Salmonella-specific CD4* T cells from the liver appeared to contribute to
the exacerbation of infection and produced IL-10, we hypothesized that they may be
FoxP3* Tregs, which have been shown to play an important role during the acute
phase of infection by delaying T-cell effector responses, particularly through their
expression of CTLA-4; however, they seem to play less of a role during chronic infection
(12). Therefore, we analyzed the T-cell transcription factor profile of Salmonella-specific
CD4™ T cells during chronic infection in the lymphoid tissues and the liver. Surprisingly,
the majority of Salmonella-specific CD4* T cells in both organs were not FoxP3* but
expressed the Th1 transcription factor T-bet (Fig. 4A). Interestingly, lymphoid
Salmonella-specific CD4 T cells expressed the canonical Th2 transcription factor, Gata3s,
at significantly higher rates than those in the liver, perhaps indicating that some of
these cells were potentially driving humoral immune responses in the spleen and
lymph nodes. We next assessed whether liver Salmonella-specific T cells exhibited any
other common T-cell suppression markers. Both the lymphoid tissue and liver CD4* T
cells were uniformly negative for the traditional suppression makers CTLA-4, PD-1, and
Lag3 (Fig. 4B), indicating that these cells were not classical Tregs.

IL-10 prevents bacterial clearance during the acute phase of infection. Since
liver Salmonella-specific T cells produce large amounts of IL-10, we sought to determine
the role for IL-10 in our infection model. Initially, we acutely infected mice orally for 2
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FIG 5 IL-10 prevents Salmonella clearance during the acute phase of persistent infection but not during
the chronic phase. (A and B) Mice infected with WT Salmonella for 14 days (acute) were intraperitoneally
(i.p.) administered anti-IL-10 neutralizing antibody continuously every 3 days for 21 days (total of
35 days), at which time organs were harvested and plated for bacterial burdens. (A) Spleens and (B) livers
of cytokine-blocked mice or controls are shown. In a separate experiment, mice were injected with an
anti-IL-10R blocking antibody 1 day prior to infection with WT Salmonella and bacterial burdens were
assessed 8 days (acute) postinfection in (C) spleen and (D) liver. (E) Mice were first infected with WT
Salmonella for 40 days (chronic) at which time anti-IL-10 neutralizing antibody was administered i.p.
every 3 days for 21 days (total of 61 days), at which time organs were harvested and plated for bacterial
burdens. An unpaired Student’s t test was used to determine statistical significance between groups (A
to D) or a two-way ANOVA and Sidak’s multiple-comparison test were used (E). *, P < 0.05; **, P < 0.01;
*** P < 0.001. Representative of 2 or 3 independent repeats for each experiment.

weeks with wild-type (WT) Salmonella and subsequently neutralized IL-10 over the next
3 weeks. Mice in which IL-10 was neutralized in this fashion had decreased bacterial
burdens in their systemic tissues compared to those in isotype control antibody-treated
animals (Fig. 5A and B). To further confirm the importance of IL-10 during the acute
phase of infection and whether this was important even earlier than 2 weeks after
infection, mice were injected with an anti-IL-10 receptor (IL-10R) antibody 1 day prior
to Salmonella infection, and then, 8 days after infection with WT bacteria, spleens and
livers were assessed for bacterial burdens. Similarly to what was observed with IL-10
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cytokine neutralization, burdens were also reduced in the spleen and liver in mice when
the IL-10R was acutely blocked demonstrating that binding of IL-10 to its receptor is
essential for action and that blocking IL-10 activity prior to infection accelerates
bacterial clearance (Fig. 5C and D). Interestingly, when mice were depleted at 40 days
after the initial infection (chronic phase) by neutralizing IL-10 over the next 3 weeks,
bacterial burdens did not decrease in the systemic compartments as they did early in
the infection; however, decreased bacterial loads were evident in the feces of depleted
mice, suggesting that IL-10 contributes to increased bacterial shedding during later
periods of infection (Fig. 5E).

Liver T cells cannot control intracellular Salmonella replication, and liver mac-
rophages display an alternatively activated phenotype. To test the ability of
Salmonella-specific CD4* T cells to aid in the clearance of bacteria from macrophages,
we adapted an in vitro coculture method developed by Karen Elkins (31). Bulk CD4 T
cells, likely containing multiple Salmonella-specific CD4*+ T cells, were isolated from
either the lymphoid tissues or the livers of chronically infected mice using a CD4 T-cell
enrichment and cultured in the upper chamber of a transwell, while a macrophage cell line
was cultured in the lower chamber. The T cells were then stimulated with anti-CD3/CD28
microbeads for 24 h, removed, and then the macrophages were infected with Salmo-
nella, where intracellular bacterial replication and cellular survival was assessed using a
gentamicin protection assay (32). Macrophages incubated with T cells from lymphoid
tissues controlled intracellular bacterial replication, while those from the liver did not
(Fig. 6A), demonstrating an impaired ability of liver CD4™ T cells to control intracellular
replication in macrophages, the principal Salmonella reservoir. While we cannot rule out
a possible contribution of CD4 T cells with specificities other than Salmonella, it is likely
that many of the enriched T cells are Salmonella-specific based on our and others’
previous work (33-35). It is clear that there were important differences in the activity of
CD4 T cells between the spleen and liver, highlighting that these organs appear to
differentially imprint distinct phenotypes on resident T cells.
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The above results led us to hypothesize that the CD4™ T cells from the liver imparted
an altered phenotype on Kupffer cells (liver-resident macrophages) compared to that of
macrophages isolated from the lymphoid tissues. It has been shown that Salmonella
can exploit a replicative niche in alternatively activated macrophages (also called M2
macrophages) (36). To test this, we enriched macrophages from the spleen or liver
using expression of the macrophage marker F4-80, and, using real-time quantitative
PCR (RT-gPCR), assessed gene expression in each macrophage type and assessed the
fold change of each infected macrophage compared to naive, uninfected control
macrophages from each organ (threshold cycle [2724¢T] method). Comparing markers
associated with either an M1 or M2 phenotype, we found that splenic macrophages
exhibited a more M1-like phenotype, with increased expression of inducible nitric oxide
synthase (iNOS) and production of the Th1-skewing cytokine IL-12p40 compared to
that in Kupffer cells (Fig. 6B). Conversely, Kupffer cells isolated from chronically infected
livers showed a more M2-like phenotype expressing the M2-associated genes YM-1,
M6Pr, and TGF-b1. Interestingly, Kupffer cells also showed an increased expression of
COX2, which has been shown to be associated with increased prostaglandin E, (PGE,)
levels and increased bacterial burdens (37).

Viable Salmonella is culturable from the livers of long-term chronically infected
mice. It has been shown that mice infected with Salmonella for a year showed bacteria
in the livers, spleens, and MLNs, with livers showing signs of induced microgranulomas
(14). To determine if Salmonella established a survival niche in the livers of mice
infected for an even longer period, we permitted mice to remain infected for nearly 2
years. Mice were euthanized at various time points (all mice were =687 days postin-
fection), and we assessed various organs for the presence of Salmonella. At this late
time point, we were only able to culture viable Salmonella bacteria from the livers of
these infected mice (Fig. 7A). To ensure that we were culturing bona fide Salmonella
bacteria, we confirmed all colonies via PCR (Fig. 7B). Additionally, we created frozen
sections from select animal tissue and used immunofluorescence to search for Salmo-
nella bacilli. We were only able to find a plausible bacillus in the liver from chronically
infected mice (Fig. 7C), demonstrating that the liver is a potential long-term niche for
bacterial survival in mice, although we cannot rule out the possibility that there may be
viable bacteria in the spleen or lymph nodes that are below the limit of detection.

DISCUSSION

In the present study, we showed that CD4" T cells are important for maintaining
immunity against chronic Salmonella infection. However, different immune responses
occurred at different anatomical sites during infection, in that lymphoid T cells were
phenotypically antibacterial and liver T cells were immunosuppressive. The Salmonella-
specific CD4™ T cells in the spleen and MLNs appeared to represent canonical Th1 cells,
marked by the transcription factor T-bet and production of the proinflammatory
cytokine IFN-y. Our data suggest that lymphoid Th1 cells provide a protective role
during chronic Salmonella infection through the production of inflammatory cytokines
that classically activate bactericidal activity in macrophages. This may also explain why
we were unable to recover viable bacteria from the lymphoid organs during the late,
chronic stages of infection. In contrast to the immune responses noted in the lymphoid
organs, we observed a distinctly different response in the liver. Hepatic Salmonella-
specific CD4* T cells produced large amounts of the anti-inflammatory cytokine IL-10
and, when adoptively transferred into mice, led to amplified bacterial burdens in the
lymphoid organs. Notably, these liver Salmonella-specific CD4* T cells were not the
classical, thymus-derived FoxP3™ regulatory T cells. In fact, they exhibit a transcription
factor and cytokine profile most similar to that of type-1 regulatory T cells (Tr1), which
have been shown to produce large amounts of IL-10, lack FoxP3 expression, and
express T-bet (38-41). Furthermore, it has been shown that Tr1 cells can be generated
in the liver in response to inflammation (8, 42). We speculate that these antigen-specific
Tr1-like cells arise in the liver in response to Salmonella infection, possibly to prevent
immunopathology. In doing so, however, these Tr1-like cells may inadvertently provide
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A Organ
Feces| Peyer’s Patches |MLNs|Spleen |Liver
Cultured 1/5 0/5 0/5 | 0/5 | 2/5
PCR Confirmed | 0/5 0/5 0/5 | 0/5 | 2/5

PPs

FIG 7 Salmonella can be isolated from late chronically infected mouse livers. (A) Organs were harvested
from late chronically infected mice (=648 days postinfection) with S. Typhimurium. Organs were ho-
mogenized in 0.1% Triton X-100, then plated on LB agar plates containing 50 ug/ml streptomycin, and
colonies were quantified. (B) Cultured colonies were verified by PCR by amplifying an 832-bp region
specific for a conserved region of the ompC gene and a kanamycin (Kan) resistance cassette used for
bacterial selection. (C) Liver sections were fixed in 4% paraformaldehyde, permeabilized, and stained with
an anti-Salmonella antibody and Sytox green for nuclear counterstaining. Images were acquired at X630
magnification using a Zeiss fluorescence microscope. Representative of 2 independent experiments.

Salmonella with a permissive niche for persistence. In support of this, we were only able
to cultivate bacteria from the livers of very late chronically infected mice (=650 days).
This theory agrees with other liver infection models that show that immune suppres-
sion induced in the liver allows pathogen persistence (43-47). However, while those
studies analyzed viral pathogens, we believe that this is the first instance of the liver
providing a permissive niche for a bacterial pathogen. It should be noted that our late
chronic infection data conflict with some previous studies showing the MLNs are the
chronic sites of Salmonella persistence (14, 48, 49). It is possible that these discrepancies
are due to differences in experimental design, use of a different mouse model (dis-
cussed below), use of different Salmonella strains, or perhaps because of the late times
we are assessing after infection.

It is important to discuss how different models of Salmonella infection might
potentially lead to differing and, in some cases, opposing results. In the susceptible
C57B/6 model of infection, mice either completely clear attenuated Salmonella or
succumb to wild-type Salmonella, in which case bacterial burdens rapidly become
overwhelming (50). In neither case does long-term persistence of infection occur nor,
in the case of attenuated infection, is bacterial fecal shedding observed. Furthermore,
in the C57B/6 infection model, a protective Th1 CD4 T-cell response predominates in all
organs, including the liver (51). This is distinctly different from the Salmonella infection
model described here in the highly resistant 129/Sv X C57B/6 F1 mouse model that
expresses a functional NRAMP-1 gene product and which can harbor virulent wild-type
bacteria in systemic organs such as the spleen, liver, and lymph nodes for weeks to
months. Rarely in this model do mice surrender to infection unless the infectious dose
is exceptionally high. Each model contributes uniquely to further understanding how
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the mammalian immune system responds to Salmonella infection. In the case of the
persistent F1 model used here, it allows for an understanding of why the immune
response is unable to completely eliminate an active, systemic infection even when
potent immunity is induced. This helps mimic the situation in a small percentage of
typhoid fever cases where individuals can become lifelong, asymptomatic carriers of
the bacteria (2, 52). This feature is important because the causative agent of typhoid
fever, Salmonella enterica serovar Typhi is host specific and does not infect wild-type
mice, so the persistent F1 mouse model can act as a suitable surrogate to replicate this
persistent infection state (53-56). The C57BL/6 model can serve several major functions.
The first is that it is well suited to modeling acute infection with attenuated bacteria
that are cleared within a month. In contrast to the persistent F1 model, this provides a
window into the early innate and adaptive immune response that is effective at actually
clearing the infection as opposed to being permissive of persistence. The second is that,
because the C57BL/6 model is susceptible to lethal infection with wild-type Salmonella
infection, it can serve as an excellent surrogate for studying vaccine-mediated protec-
tion against a highly virulent infection. In this way, a variety of vaccine formulations
against Salmonella infection can be tested as to whether they demonstrate preclinical
efficacy (50, 57). Lastly, the C57BL/6 model allows for the use of a variety of genetic
knockout mouse strains that are not available when using other mouse strains. It is
possible, and even likely, that our observations regarding how liver and lymphoid CD4
T cells behave differently are due to the use of the resistant F1 model and that these
differences bear some responsibility for the persistence of bacteria. We expect that if
we were to perform similar experiments in the susceptible C57BL/6 model, then these
organ-specific differences would diminish or even disappear, as has been shown in
other recent studies (51). These model-specific differences are why it will be important
to perform studies in both models, covering a broad range of responses, to help our
understanding of how Salmonella can subvert immunity and how the immune system
can recognize and prevent or clear infection.

It has been well established that Salmonella resides within macrophages during
infection (14, 58, 59), yet how T cells and macrophages from distinct organs interact
and the effect this has on bacterial survival in the persistent F1 infection mouse model
has not been previously determined. We showed that lymphoid CD4+ T cells were
potent activators of macrophage bactericidal activity, possibly through the activity of
IFN-v. These findings are in agreement with those of other studies in the field, showing
that IFN-vy is important for the control of intracellular bacterial replication in macro-
phages (15, 22, 60-62). Conversely, we found that CD4" T cells from persistently
infected livers were unable to control bacterial replication. IL-10 can alternatively
activate and induce M2-like macrophages, a phenotype we ascribe to the liver macro-
phage subset, potentially leading to increased bacterial numbers (23, 63-65). Notably,
while we didn’t observe control of intracellular bacteria, neither did we find that
intracellular bacterial burdens increased. One possible explanation for this is that the
liver T cells were simultaneously producing IL-10 and IFN-vy. Perhaps these opposing
signals from liver CD4* T cells prevented an increase in bacterial loads compared to
that in macrophages not stimulated with T cells. Alternatively, it is possible that the
bacterial burdens have reached a maximum within the cell, and, when the cell
eventually dies, released bacteria are exposed to extracellular antibiotics and die,
preventing them from being counted at higher numbers. It is known that Salmonella
bacteria survive in M2-like macrophages and can replicate due to the altered metab-
olism of these cells (66). It would be intriguing in future work to determine whether
liver CD4™ T cells regulate the metabolic profile of undifferentiated macrophages or if
they can shift M1-like macrophages metabolically toward an M2-like profile.

In this resistant mouse model, IL-10 appears to play a major role early after infection
in allowing the systemic persistence of Salmonella in both the spleens and livers of
infected mice. When we blocked IL-10 from exerting its function, either by neutralizing
the cytokine itself or by blocking the IL-10 receptor, we found that bacterial burdens
were significantly reduced in spleens and livers. Notably, this systemic effect was lost
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when IL-10 was blocked during the chronic phase of the infection; however, fecal
shedding of bacteria was significantly increased. There are several potential explana-
tions for these potentially contradictory findings about the role of IL-10 during the
acute versus chronic phase of infection. One possibility is that IL-10 expression is
essential for the initial systemic establishment of infection, particularly in the liver, but
is dispensable later in the infection. Perhaps during the later stages of infection, more
bacteria in the spleens and liver are capable of entering an intracellular persister state
in macrophages, as described by the Holden group (67). It is possible that these
metabolically inactive bacteria are not affected when IL-10 is neutralized and that the
immune response is presumably shifted back toward a more Th1 phenotype. Another
possibility is that there is greater shuttling of bacteria between the gallbladder, another
essential organ in the hepatobiliary system (30), and liver during the late phase of
infection and that IL-10 blockade allows bacterial escape into the bile and eventually
into the feces, potentially reinfecting via the small intestine and thereby maintaining
high numbers of systemic bacteria. The concept that the hepatobiliary system displays
a distinct immune profile that is differentially affected by the function of IL-10 is further
supported by our recent study showing a shift toward a type 2 T-cell and macrophage
immune response in the gallbladder. It is possible that the liver delivers immunoregu-
latory cells to the gallbladder, where they are also permissive of bacterial persistence
at this site. The combination of the liver and gallbladder allowing for persistence of
Salmonella would explain the mechanism for fecal shedding of bacteria from infected
people and mice. Combined, these findings highlight that targeting IL-10 blockade may
be a potential therapeutic target for reducing fecal bacterial shedding in human
typhoid patients.

Taken together, we propose that in our mouse model of chronic Salmonella Typhi-
murium infection, a balance is reached between pathogen persistence and immuno-
pathology, and that this balance is largely contributed to by opposing proinflammatory
signals, such as IFN-y, and by anti-inflammatory signals, such as IL-10, produced by
Salmonella-specific CD4* T cells in different anatomical locations. This balance seems
to be most important in the liver, a crucial organ for host homeostasis, whereas the
lymphoid organs can tolerate a certain degree of inflammation (68, 69). Some evidence
from chronic typhoid human patients suggests the hepatobiliary system might be a site
of bacterial persistence (3, 70, 71). Our group has shown this to also be the case in mice
(72-74). The current study further bolsters the idea that the hepatobiliary system is a
site of Salmonella persistence and also adds to the concept that the liver acts as an
immunosuppressive organ during infection. Future studies will assess the potential
interplay between the infected host organs, particularly how the liver and gallbladder
may share immune cells. While we did not evaluate in the current study whether T cells
in each organ were the recently described T resident memory cells (Trm), it is possible
that these cells do not migrate between organs and are permanent resident cells (75).
There is recent evidence for a noncirculating pool of Salmonella-specific memory Th1
CD4™ T cells in the liver in response to attenuated infection (51). It is possible that the
cells we observe in the chronic virulent infection model are similarly resident but that,
instead of assuming the Th1 phenotype observed in that study, the persistent exposure
to infection induces a more Tr1-like phenotype. More studies are needed to address this
possibility.

MATERIALS AND METHODS

Ethics statement. This study was carried out in accordance with recommendations from the Guide
for the Care and Use of Laboratory Animals of the National Institutes of Health. Tulane University is
accredited by the Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC). All
experimental procedures involving animals were approved and performed in compliance with the
guidelines established by Tulane University School of Medicine’s Institutional Animal Care and Use
Committee.

Bacterial strains, epitope tagging, and growth conditions. Salmonella enterica subsp. enterica
serovar Typhimurium strain SL1344 (a gift from Marc Jenkins, University of Minnesota) or strain 14028
(ATCC) were used for infections as indicated. SL1344 Salmonella was tagged chromosomally with the
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2W1S peptide (EAWGALANWAVDSA) as previously described, using the lambda Red recombinase system
(26, 76).

Mice, infections, and bacterial burdens. C57BL/6J and 129X1/Sv) mice were purchased from
Jackson Laboratory (Bar Harbor, ME) and bred to generate naturally resistant NRAMP1(SLC11A1)*/~ F1
hybrid mice (C57BL/6J X 129X1/Sv) F1 mice), which were maintained under specific-pathogen-free
conditions in the vivarium at Tulane University School of Medicine. Prior to infection, mice were deprived
of food for approximately 18 h and then infected at 6 to 10 weeks of age orally with 5 X 107 CFU of S.
Typhimurium SL1344 in 100 ul of phosphate-buffered saline (PBS). Chronic infection was defined as
infection at =40 days postinfection. At designated times postinfection, mice were euthanized by CO,
asphyxiation, and spleens, mesenteric lymph nodes (MLNs), and livers were harvested for determination
of bacterial burdens. Organs were homogenized in sterile 0.1% Triton X-100 and plated on LB agar
containing 100 ug/ml streptomycin for enumeration of viable CFU. The data were expressed as the mean
CFU per tissue or per gram of tissue.

Generation of single-cell preparations from infected mice. Spleens and MLNs were made in
single-cell suspensions by homogenizing the organs over a 100-um nylon mesh filter in cold sorter buffer
(1X phosphate-buffered saline, 2% newborn calf serum, and 0.1% sodium azide). Hepatocytes were
removed from livers by sedimenting the suspension at 50 X g for 2 min. Supernatant was collected and
spun at 500 X g to pellet the remaining cells. Cells were then underlayered with a 15% OptiPrep gradient
(Sigma-Aldrich) prepared with Hanks' balanced salt solution (HBSS) and spun at 750 X g for 20 min at
room temperature.

MHC-II tetramer staining, magnetically activated cell sorting, and flow cytometry. Single-cell
preparations were resuspended in 200 ul with FcBlock. Cells were enriched as previously described (77)
by staining with 10 uM 2W1S:I-A> MHC-II tetramer, conjugated to allophycocyanin (APC), incubated at
room temperature in the dark for 1 h, then washed, stained with anti-APC magnetic beads (Miltenyi), and
passed over an LS column on a quadroMACS magnet. Eluted cells were stained with the following
anti-mouse antibodies: CD19, F4/80, CD11c, CD11b (eFluor 450), CD3e¢ (fluorescein isothiocyanate [FITC]),
CD4 (BV605), CD8a (BV510), and CD44 (PerCP-Cy5.5). Cells were collected on an LSRFortessa instrument
(Beckton-Dickson). Data were analyzed using FlowJo software (TreeStar, Ashland, OR).

In vivo CD4 depletion. Antibodies used for depletion were purchased from Bio X Cell (West
Lebanon, NH). For CD4+ T-cell depletions, purified anti-mouse CD4 (clone GK1.5) was diluted in sterile
saline, and mice were injected intraperitoneally (i.p.) with 750 ug of antibody in a 200-ul volume every
3 days for 12 days, starting at 44 days postinfection. Depletion of CD4* T cells was confirmed by flow
cytometry of peripheral blood. After 2 weeks of depletion, mice were sacrificed, and the bacterial
burdens in the MLNs, spleens, and livers were determined as described above.

In vitro intracellular cytokine staining. Single-cell suspensions from organs were stimulated in vitro
with phorbol 12-myristate 13-acetate (PMA) 50 ng/ml and ionomycin (lono) 100 ng/ml (Sigma-Aldrich) in
complete RPMI at 37°C. After 2 h of stimulation, 10 ug/ml brefeldin A (Sigma-Aldrich) was added for an
additional 4 h. Cells were then fixed and permeabilized using the BD Cytofix/Cytoperm kit according to
the manufacturer’s instructions, then stained overnight for intracellular cytokines. Cytokine-positive
gates were set on naive, CD44'ow T cells, which do not produce cytokines, from each organ. Other studies
have shown this to be an accurate gating strategy for measuring intracellular cytokines (27).

Adoptive transfer of Salmonella-specific CD4+/~ T cells. Absolute cell numbers of antigen-specific
CD4+ T cells were determined, and tetramer-enriched cells were transferred into anesthetized mice via
retroorbital injection. Mice were infected 24 h later as described above.

Transcription factor staining. Spleens, MLNs, and livers were harvested from infected mice, and
cells were made into single-cell preparations, as described above. Cells were stained with 2W1S-IAP-APC
and enriched for antigen-specific cells, as described above. Cells were washed and blocked with FcBlock
and subsequently stained with anti-mouse surface antibodies. Cells were then fixed and permeabilized
using the Foxp3 fixation/permeabilization buffer kit (eBioscience) according to the manufacturer’s
instructions, then stained overnight for nuclear transcription factors. The next morning, samples were
washed twice with 1X permeabilization wash buffer and resuspended in sorter buffer for fluorescence-
activated cell sorter (FACS) analysis.

In vivo depletion of IL-10 and IL-10R blocking. For acute-phase IL-10 depletion studies, mice were
infected with WT Salmonella Typhimurium SL1344 as described above. The infection was allowed to
persist for 14 days before cytokine depletion. IL-10 was depleted by administering 200 ug of rat
monoclonal antibody against IL-10 (clone JES5-2A5; Bio X Cell) intraperitoneally in 200 ul PBS every
3 days for 21 days. An isotype was administered in the same fashion and served as a negative control
(clone HRPN; Bio X Cell). To replicate the conditions of an IL-10 knockout mouse for certain experiments,
129X1/SvJ mice were injected with 1 mg of anti-IL-10R (Bio X Cell, West Lebanon, NH) or with 1X PBS 1
day before intraperitoneal injection with S. Typhimurium strain 14028.

Macrophage invasion assay and CD4+ T cell coculture. Raw264.7 macrophages were cultured in
complete Dulbecco’s modified Eagle’s medium (DMEM) and seeded at 5 X 10° cells per well in 24-well
plates overnight before coculture assays commenced. CD4* T cells were isolated from the lymphoid
organs (spleen and MLNs) or livers of mice chronically infected with Salmonella Typhimurium using the
CD4* T cell isolation kit Il (Miltenyi) following the manufacturer’s instructions. An aliquot of purified
CD4* T cells was analyzed and counted by flow cytometry, as described above. CD4+ T cells (8 X 10%)
were added to 0.4-um transwell inserts (Greiner Bio-One) with a 1:1 ratio of anti-CD3/anti-CD28
Dynabeads (Invitrogen). CD4* T cells were stimulated for 36 to 48 h to activate/polarize macrophages
before a gentamicin protection assay was performed. To perform the gentamicin protection assay,
antibiotics were removed from the macrophages, and monolayers were rinsed in PBS, then cultured in
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TABLE 1 Primer sequences used in this study

Infection and Immunity

Sequence fora:

Gene PrimerBank identifier Amplicon size (bp) Fwd primer (5'—3’) Rev primer (5'—3’)

GAPDH 6679937al 123 AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA
NOS2 6754872al 127 GTTCTCAGCCCAACAATACAAGA GTGGACGGGTCGATGTCAC
1112b 6680397a1 123 TGGTTTGCCATCGTTTTGCTG ACAGGTGAGGTTCACTGTTTCT
Chi3i3 6753416a1 197 CAGGTCTGGCAATTCTTCTGAA GTCTTGCTCATGTGTGTAAGTGA
M6PR 14916479a1 127 TGCTGGAGGACTGAACTGTTA GAGCCACCTCGTTCTTTGACT
TGFB1 6755775a1 133 CTCCCGTGGCTTCTAGTGC GCCTTAGTTTGGACAGGATCTG
PTGS 118130137¢3 124 TGCACTATGGTTACAAAAGCTGG TCAGGAAGCTCCTTATTTCCCTT

aFwd, forward; Rev, reverse.

complete DMEM (cDMEM) without antibiotics. Macrophages were infected with wild-type SL1344
Salmonella Typhimurium at a multiplicity of infection (MOI) of 1:1 and spun onto the macrophage
monolayers at 450 X g to synchronize the infection. Macrophages were infected for 1 h at 37°C, before
extracellular bacteria were killed by the addition of 100 wg/ml gentamicin for 1 h at 37°C. Monolayers
were then washed with PBS to remove dead bacteria and cDMEM medium with 10 wg/ml gentamicin
was added for the remainder of the assay. At the indicated times postinfection, macrophages were lysed
for 10 min at room temperature in lysis buffer (150 mM NaCl, 0.1% Triton X-100, 50 mM Tris-HCl, and 1X
SigmaFast protease inhibitor cocktail), to liberate intracellular Salmonella bacteria. Serial dilutions were
spot plated onto LB plates containing 50 wg/ml streptomycin and incubated at 37°C for 24 h, and
bacterial colonies were counted and back calculated to determine the CFU/well.

Real-time quantitative PCR. Spleens and livers were harvested from mice chronically infected with
Salmonella Typhimurium and single-cell preparations were made, as described above. Before magneti-
cally activated cell sorting (MACS), crude liver nonparenchymal cells (NPCs) were first isolated by mixing
the single-cell suspensions into an 11.7% OptiPrep solution and sandwiching the suspension between
two density layers, an underlayer of 17.6% (wt/vol) OptiPrep solution and a top layer of HBSS. The
discontinuous gradients were centrifuged at 1,400 X g for 17 min at 4°C. The NPCs were harvested from
the interface and further purified by MACS. Briefly, both the splenic cell preparations and crude NPCs
were blocked with FcBlock, before incubation with a biotinylated F4-80 antibody (eBioscience). Strepta-
vidin microbeads (Miltenyi) were then added to the preparations, and F4-80" cells were positively
selected by passing cells through a LS column attached to a quadroMACS separator (Miltenyi). RNA was
then immediately purified from the F4-80+* cells using the RNeasy microkit (Qiagen) following the
manufacturer’s directions. RNA purity and concentration were determined on a NanoDrop 2000 spec-
trophotometer (Thermo Scientific). RNA samples were stored at —80°C until used for RT-qPCR. cDNA was
made by adding 100 ng of pure RNA to the iScript ¢cDNA synthesis kit (Bio-Rad), according to the
manufacturer’s instructions. Controls lacking reverse transcriptase were included to ensure primer
specificity. After reverse transcription of the mRNA, a 20-ul reaction mixture containing 200 uM each
primer (see Table 1 for primer sequences) and 1 ul of cDNA was added to the iQ SYBR green Supermix
(Bio-Rad) following the manufacturer’'s recommendations. RT-gPCR was performed on a CFX Connect
real-time PCR machine (Bio-Rad). The results were analyzed using the AAC; method, normalizing all
samples to GAPDH and comparing relative expression levels to those in uninfected macrophages.

Salmonella-specific PCR. To ensure that the colonies grown on LB plates containing 50 wg/ml
streptomycin from organs of late chronically infected mice were Salmonella Typhimurium, any colonies
observed were verified by PCR for the presence of the 2W1S genomic insert. Colonies were plucked from
LB plates and aseptically transferred to 10 ul of sterile PCR-grade water. A 5-ul aliquot of the suspension
was used as the template DNA for the PCR. Primers were designed to amplify an 833-bp product specific
for a conserved region of the ompC gene (5'-GATGTCGGCGCGACTTACTACTTC-3') and an inserted
kanamycin-resistance cassette (5'-CTCGTCCTGCAGTTCATTCAGGGC-3') used for bacterial selection. Puri-
fied DNA from the SL1344 OmpC-2W1S strain of Salmonella Typhimurium used to originally infect the
mice was used as a positive control. To rule out the possibility of reagents being contaminated with
Salmonella DNA, a no-DNA template control (water only) was run with each experiment. Platinum Taq
(Invitrogen) was used according to the manufacturer’s instructions; however, a 2-min denaturation step
at 94°C was added to allow lysis of the bacterial cells. The primer annealing temperature was set at 60°C.

Fluorescent immunohistochemistry. Fluorescent immunostaining was performed on frozen liver
sections embedded in optimal cutting temperature (OCT) medium from mice chronically infected with
Salmonella Typhimurium. Tissues were fixed for 15 min with 4% paraformaldehyde. Tissues were washed
three times with PBS, then incubated with 0.05% Triton X-100 (Sigma-Aldrich) in PBS for 20 min to
permeabilize the cells. Tissues were blocked with 10% normal goat serum (NGS) (Invitrogen) for 1 hto
block nonspecific binding. Sections were incubated with a polyclonal primary antibody (Rabbit anti-
Salmonella [O+H antigens], 1:1,000, MyBioSource) in PBS and 1% NGS for 1 hat room temperature.
Tissues were washed three times with PBS containing 0.1% Tween 20 (PBST, Sigma-Aldrich). Tissues were
then incubated with secondary antibody (DyLight 549-conjugated goat anti-rabbit [H&L], 1:5,000;
Rockland, Inc.) in PBST for 1 h at room temperature in the dark, followed by three washes with PBST. To
counterstain the cell nuclei, tissues were stained with Sytox green (300 nM in water) for 2 min, then
washed extensively with PBST. Slides were mounted using ProLong Gold antifade mounting medium
(Invitrogen) and allowed to cure for 48 h before imaging. Images were acquired with a Zeiss Axioplan Il
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microscope (Carl Zeiss, Thornwood, NY), using a 63X objective (numerical aperture [NA] = 1.4). Series of
horizontal optical sections (0.3 um each) were collected and subsequently deconvolved using SlideBook
6.0 software (Intelligent Imaging Innovations, Denver, CO). Postcollection processing of the images was
performed using Volocity 6.3 software (Perkin-Elmer).
Statistical analysis. Statistical differences between data sets were assessed using Prism (GraphPad)
software. Outliers were removed using the Grubbs outlier test.
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