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Abstract

Over the last decade, significant advances have been made in the methodology for studying immune
responses in vivo. It is now possible to follow almost every aspect of pathogen-specific immunity
using in vivo models that incorporate physiological infectious doses and natural routes of infection.
This new ability to study immunity in a relevant physiological context will greatly expand our
understanding of the dynamic interplay between host and pathogen. Visualizing the resolution of
primary infection and the development of long-term immunological memory should also aid the
development of new vaccines and therapeutics for infectious diseases. In this review, we will describe
the application of in vivo visualization technology to Salmonella infection, describe our current
understanding of Salmonella-specific immunity, and discuss some unanswered questions that remain
in this model.

2. Introduction

During the 20t century, increased understanding of immunity to infectious disease led to the
development of successful vaccines and therapeutics for viral and bacterial infections which
plagued previous generations (Amanna and Slifka, 2005; Brines, 1996). Despite this success,
there remains a significant need for vaccine and therapeutic development today. The emergence
of new pathogens (Woolhouse et al., 2005), the acquired resistance of pathogens to currently
effective therapeutics (Martinez-Cajas and Wainberg, 2007; Okeke et al., 2007), a lack of
research and development in the diseases of the developing world (Walker, 2005), and the
deliberate transmission of infectious agents for ideological purposes (Moran et al., 2008), all
generate considerable demand for new vaccines and therapeutics.

If these new vaccines and therapeutics are to be developed in a rational manner, the interplay
between microbes and the host immune response must be understood in considerable detail.

Fortunately, over the last 10 years or so, the development of new imaging methodologies now
allow direct study of the immune response in a physiological context (Germain and Jenkins,

2004; Henrickson and von Andrian, 2007; Huang et al., 2004; Jenkins et al., 2001; Negrin and
Contag, 2006). So far, the application of these visualization technologies has been limited to
a select number of infectious disease models. However, visualization of immune responses to
infection is now becoming more widely used and therefore generates significant potential for
discovery in many infectious disease models. In this review, we will focus on the development
and use of visualization approaches for studying immunity to Salmonella infection. We will
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describe how imaging tools have confirmed and extended our knowledge of host immunity to
Salmonella, discuss current limitations in our knowledge, and speculate on the potential for
future advances in studying this disease.

3. Studying immunity to Salmonella

Salmonella are gram-negative enterobacteria that cause significant human and veterinary
disease in the US and elsewhere (Grassl and Finlay, 2008; Parry et al., 2002; Rabsch et al.,
2001). The immune response to Salmonella has been studied in infected humans and in animal
models of disease.

3.1 Human disease cause by Salmonella

After several nomenclature revisions (Su and Chiu, 2007), the Salmonella genus now contains
3 species, S. enterica, S. bongori, and S. subterranean, but almost all significant human disease
is caused by a single sub-species, S. enterica subsp. Enterica. This subspecies contains both
the typhi and paratyphi Serovars that cause typhoid and paratyphoid fever in developing
countries and over 2000 different serovars that cause Salmonella gastroenteritis in humans and
animals (Grassl and Finlay, 2008; Parry et al., 2002; Rabsch et al., 2001). The global incidence
of typhoid was recently estimated at 21,650,974 infections and 216,510 deaths per year (Crump
et al., 2004; Jones and Falkow, 1996). Numerous closely related Salmonella serovars cause
non-typhoidal Salmonellosis, an increasingly important food borne infection in the US (Mead
et al., 1999). Both diseases have been recognized as significant bio-threats to the US food and
water supply (Jones and Falkow, 1996; Sobel et al., 2002). During a typhoid epidemic in
Tajikistan, more than 90% of clinical isolates were multi-drug resistant and 82% of these were
resistant to ciprofloxacin (Tarr et al., 1999), the antibiotic of choice for treating typhoid in
developed nations. Recent analysis of the bacterial proteome indicates that all major targets of
Salmonella metabolism have already been targeted by antibiotic development strategies
(Becker et al., 2006), therefore the potential for generating new antibiotics is not encouraging.
Understanding the generation of an adaptive immune response to Salmonella is therefore of
considerable medical and economic importance.

3.2 Animal models of Salmonella infection

Although S. enterica Serovar typhi causes typhoid fever in humans, it does not cause typhoid
in other mammals (Fierer and Guiney, 2001). Therefore, Serovar typhi is usually studied in
vitro or using in vivo models that require unusual routes of administration (Bueno et al.,
2008; Pasetti et al., 2002; Subramanian and Qadri, 2006). In contrast, oral infection of mice
with S. enterica Serovar typhimurium causes a systemic typhoid-like disease involving
penetration of intestinal Peyer's patches and rapid dissemination to the liver, spleen and bone
marrow (Srinivasan and McSorley, 2006). Therefore, murine infection with S. enterica Serovar
typhimurium bears a striking similarity to human typhoid and is the most commonly studied
laboratory model of this disease (Mastroeni and Sheppard, 2004; Santos et al., 2001). However,
despite the utility of this mouse Salmonella model, it does have some limitations as a model
of human disease. First, not all bacterial virulence factors that are important for murine disease
are required for the pathogenesis of human typhoid. Therefore, as with most animal models,
data from the murine typhoid model should not be over-interpreted and needs to be considered
alongside clinical studies of typhoid in humans to develop a complete picture of typhoid
immunity (Pasetti et al., 2003). Second, Salmonella infection of mice does not cause diarrhea,
yet diarrhea is a prominent feature of Salmonella enterocolitis in humans. Therefore, the mouse
model is much more useful for studying typhoid than as a model of Salmonella gastroenteritis.
A better model of Salmonella gastroenteritis in humans is the bovine Salmonellosis model
where intestinal disease and diarrhea develop rapidly in a similar manner to human disease
(Santos et al., 2001).
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4. Visualizing Salmonellain vivo

Using the mouse model of typhoid, a number of studies have visualized the colonization and
growth of Salmonella in vivo. Our laboratory performed fluorescence microscopy on mid-line
sections of whole infected mice to simultaneously visualize Salmonellain all organs (McSorley
and Jenkins, unpublished). These studies revealed that the spleen and liver are the major sites
of Salmonella replication (Fig. 1). More detailed studies using confocal microscopy
demonstrated that bacteria in the liver are initially associated with neutrophil infiltration but
subsequently are found exclusively within macrophages (Richter-Dahlfors et al., 1997).
Similar studies, some using a Salmonella strain expressing green fluorescent protein (GFP),
demonstrated that Salmonella in the spleen are also found within macrophages (Matsui et al.,
2000;Salcedo et al., 2001). Thus, visualization studies in mice confirm that Salmonella is an
intracellular pathogen that replicates extensively within macrophages found in the spleen and
liver. A more recent study of Salmonella in the liver found that the bacteria replicate
intracellularly in discrete foci, each of which are likely to arise from the clonal expansion of a
single bacterium (Sheppard et al., 2003). Thus, individual foci of Salmonella appear to grow
independently until reaching a certain threshold, after which the bacteria redistribute to new
foci.

5. Adaptive immunity in the murine typhoid model

The mouse model of Salmonella infection has long been of interest to scientists trying to
understand bacterial pathogenesis and immunity to infection (Blanden et al., 1966; Gowen and
Calhoun, 1943; Zinkernagel, 1976). As Salmonella preferentially infects and resides within
macrophages, the activation of these cells by IFN-y produced by Th1 cells plays a prominent
role in bacterial killing (Mastroeni, 2002; Mittrucker and Kaufmann, 2000; Wick, 2003).
Indeed, nude mice (Sinha et al., 1997), mice lacking TCR  (Hess et al., 1996; Weintraub et
al., 1997), CD4 (Hess et al., 1996), CD28 (McSorley and Jenkins, 2000; Mittrucker, 1999),
MHC class-11 (Hess et al., 1996), IFN-y (VanCott et al., 1998), IFN-yR (Hess et al., 1996), or
the Th1l transcription factor T-bet (Ravindran et al., 2005), all fail to resolve primary infection
with a live vaccine strain (LVS) of Salmonella. Furthermore, depletion of IFN-y (Mastroeni et
al., 1992; Nauciel and Espinasse-Maes, 1992), IL-12 (Mastroeni et al., 1996), or TNF-o
(Mastroeni etal., 1992; Nauciel and Espinasse-Maes, 1992), abrogates or reduces the protective
immunity conferred by LVS-immunization. The relevance of these findings in the murine
model are strengthened by clinical reports of increased susceptibility to Salmonella in patients
with primary immune deficiencies in IL-12 or IFN-y receptor signaling (Cleary et al., 2003;
Jouanguy et al., 1999). Thus, a considerable amount of data in mouse and human typhoid
indicates that CD4 Th1 cells play an important protective role.

In a somewhat surprising finding for an intracellular pathogen, our laboratory and others have
demonstrated that Salmonella-specific antibody participates in immunity to typhoid (Mastroeni
et al., 2000; McSorley and Jenkins, 2000; Mittrucker et al., 2000). Although B cell-deficient
mice survive vaccination with LVS-Salmonella, they do not acquire protective immunity to
secondary typhoid, indicating that antibody is absolutely required for effective immunity
(Mastroeni et al., 2000; McSorley and Jenkins, 2000; Mittrucker et al., 2000). It is currently
unclear how antibody is protective against an intracellular pathogen. One possibility is that
serum antibody prevents cell-cell transmission of Salmonella following macrophage apoptosis
(Ravindran and McSorley, 2005). Alternatively, an antibody response could alter the
processing of Salmonella antigens to enhance antigen presentation to CD4 T cells and
subsequent cellular immunity (Bueno et al., 2007; Mastroeni et al., 2001; Ugrinovic et al.,
2003). Another possibility is that Salmonella-specific mucosal IgA secreted into the intestine
can inhibit initial bacterial penetration of epithelial cells or simply reduce the overall load of
bacteria in the gut lumen (Wijburg et al., 2006). Whatever the mechanism, effective immunity
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against typhoid appears to require the combined activity of Salmonella-specific Thl cells and
antibody.

The role of CD8 T cells in adaptive immunity to Salmonella is less clear. While CD8 CTL
responses to Salmonella have been characterized (Lo et al., 1999; Mastroeni et al., 1992;
Nauciel, 1990), mice lacking CD8 T cells display only a mild reduction in their ability to resolve
infections with attenuated Salmonella (Hess et al., 1996; Lo et al., 1999).

6. Tracking antigen-specific responses in Salmonella infection

The importance of adaptive immunity in mediating host resistance to Salmonella has fueled
extensive research into Salmonella-specific T cell responses (Ravindran and McSorley,
2005)(Bueno et al., 2007). As with other models of infectious disease, these studies have
benefited greatly from the development of techniques to track antigen-specific T cells in mice
(Jenkins et al., 2001). The application of these techniques to in vivo models of Salmonella
pathogenesis has revealed valuable information about where, when, and how Salmonella-
specific T cells are activated during the course of infection (Ravindran and McSorley, 2005).
However, with this knowledge comes a host of new questions, providing the impetus for further
development of immunological tools to improve studies of Salmonella in vivo.

6.1 Target antigen and epitope identification

The relationship between Salmonella-specific T and B cells and the nature of the antigens they
recognize constitutes a critical parameter determining the outcome of an infection. Thus, one
of the most relevant issues concerning the study of adaptive immune responses to
Salmonella is the precise identification of antigenic epitopes recognized by host lymphocytes.
Explicit knowledge of these epitopes is essential for detailed characterization of T and B cell
responses to Salmonella and may also provide potential candidates for a future subunit typhoid
vaccine.

The challenge of Salmonella epitope-discovery is a daunting one, as the genome of Serovars
typhi and typhimurium contain around 4,300 open reading frames (McClelland et al., 2001;
Parkhill et al., 2001), each with the potential to encode multiple peptide epitopes recognized
by T cells. Moreover, the timing and localization of bacterial protein expression adds a further
layer of complexity with regard to antigenic targets for T cells during different stages of the
disease (Becker et al., 2006; Eriksson et al., 2003; Rollenhagen and Bumann, 2006).
Nevertheless, a handful of defined CD8 and CD4 T cell epitopes recognized by Salmonella-
specific T cells have been successfully identified (Table 1).

Early studies demonstrated a role for CD8 T cells in immunity to Salmonella and led to a search
for MHC class-1 restricted peptide epitopes (Lo et al., 1999; Mastroeni et al., 1992; Nauciel,
1990). Lo and colleagues found that a high proportion of CD8 CTL responses in mice infected
with attenuated Salmonella recognized epitopes presented by non-classical MHC class 1b
molecules, particularly Qa-1P (Lo et al., 1999). MALDI mass spectroscopy of peptides eluted
from Qa-1P molecules on Salmonella-infected cells identified the 192-200 peptide of the
GroEL protein as an immunodominant epitope for CTL responses (Lo et al., 2000). In a
different study, specialized software was used to predict KP-binding peptides within the
sequence of the immunogenic Salmonella outer membrane protein C (OmpC) porin, resulting
in the identification of residues 73-80 and 132-139 as two immunodominant peptide epitopes
(Diaz-Quinonez et al., 2004). However, our laboratory has been unable to detect CD8 T cell
responses to either of these epitopes in Salmonella-infected mice (McSorley et al, unpublished
observations), although it should be noted that the methodology used was different from that
of the original report. Thus, despite the identification of a few class-1 Salmonella epitopes,
class-I tetramer reagents for tracking Salmonella-specific CD8 T cells have not yet been
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developed. This is unfortunate, since the development of ex vivo staining reagents that would
allow identification of endogenous Salmonella-specific CD8 T cells should enable detailed
analysis of the contribution of CD8 T cells to Salmonella immunity. Hopefully, this is an area
that can be addressed in the future in both murine and human typhoid research.

Early work on CD4 T cells demonstrated significant protection after the transfer of
Salmonella-specific T cell lines, or after immunization with Salmonella porins or other cell
surface proteins (Misfeldt and Johnson, 1979; Paul et al., 1985; Paul et al., 1988; Tabaraie et
al., 1994); however, the epitopes recognized by CD4 T cells remained undefined. Cookson and
Bevan were the first to identify an epitope of Salmonella flagellin recognized by Salmonella-
specific CD4 T cells from C3H/HeJ mice in the context of I-AK (Cookson and Bevan, 1997).
Flagellin is the major structural protein of bacterial flagella, is produced in large quantities by
cultured bacteria, and is a known ligand for the innate immune receptor TLR5 (Salazar-
Gonzalez and McSorley, 2005). Thus it is perhaps not surprising that it is also a target of the
adaptive response. The targeting of flagellin by Salmonella-specific CD4 T cells was
subsequently confirmed in C57BL/6 mice, and currently 4 different MHC class-11 flagellin
epitopes have been reported (Bergman et al., 2005; McSorley et al., 2000). These initial studies
also demonstrated the presence of long-lived memory T cell responses to flagellin epitopes,
suggesting a role for these antigen-specific responses in protective immunity (Cookson and
Bevan, 1997; McSorley et al., 2000). Consistent with this observation, immunization of
susceptible mice with flagellin conferred resistance to low dose challenge with virulent
Salmonella (McSorley et al., 2000; Strindelius et al., 2002). The only other defined epitope
recognized by Salmonella-specific CD4 T cells is the I-Ad restricted peptide 381-394 of
Salmonella invasion protein C (SipC) (Musson et al., 2002). Interestingly, expression of both
flagellin and SipC are expressed by cultured bacteria, but is tightly regulated during the
transition to intra-macrophage growth (Eriksson et al., 2003). Whether this is relevant for the
targeting of these antigens by CD4 T cell responses is currently unclear.

In a more comprehensive screen for Salmonella target antigens, Rollenhagen and colleagues
created a library of Salmonella promoter elements that were used to drive expression of a
fluorescent reporter gene (Rollenhagen et al., 2004). Their logic was that identifying the
Salmonella proteins that are highly expressed in vivo would include antigens that were most
likely to be dominant T cell targets. Using this methodology, a list of candidate Salmonella
proteins was generated that may be an important source of epitopes during an immune response.
Within this list of highly expressed proteins, Mig-14 and SseB are two antigens that provided
protective immunity when used as a subunit vaccine. Efforts are now underway by our
colleagues to fine map peptide epitopes from these proteins by screening T cells from
immunized mice with libraries of overlapping peptide sequences.

As should be clear from the limited list of candidate antigens discussed above, epitope
discovery still remains a major goal in the study of immunity to Salmonella. However, this
situation is little different to numerous other infectious disease models that have been somewnhat
neglected by immunologists. Fortunately, epitope identification in a number of infectious
disease models is now receiving greater attention (Peters and Sette, 2007). The identification
of new epitopes opens up the possibility for development of antigen-specific reagents such as
T cell clones, TCR transgenic mice, and peptide:MHC tetramers that can facilitate visualization
of Salmonella-specific T cells in vivo.

6.2 Visualizing Salmonella-specific responses using surrogate antigens

Due to the scarcity of defined T cell epitopes in the Salmonella model, surrogate antigens have
been used to track Salmonella-specific T cell responses. Proof of principle for this approach
was established by early studies exploring the use of attenuated strains of Salmonella
expressing model antigens, either as full-length proteins or short peptide sequences embedded
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within a native Salmonella protein (Maskell et al., 1987; Newton et al., 1989). B cell, cytotoxic
T cell, and helper T cell responses to a wide variety of model antigens were elicited in this
manner, thereby demonstrating potential roles for each of these cell populations in host adaptive
immunity to Salmonella (Aggarwal et al., 1990; Khan et al., 1994; McSorley et al., 1997). In
most of these experiments, freshly isolated T cells from immunized mice were re-stimulated
in vitro with model antigens and a common read-out such as cell proliferation or specific lysis
of target cells was recorded. These indirect functional assays can indicate the presence or
absence of epitope-specific T cells in an immunized or infected animal but they reveal very
little about the biology of epitope-specific T cells in vivo.

The development of TCR transgenic mice that contain a peripheral CD4 population with
monoclonal antigen specificity allowed investigators to move beyond this low level of
resolution. TCR transgenic mice were initially infected with Salmonella expressing the model
antigen recognized by peripheral T cells in the host (Verma et al., 1995), but a TCR transgenic
host provides a highly artificial environment in which to model an immune response. The power
of TCR transgenic technology was realized using an adoptive transfer approach where antigen
specific T cells are seeded at relatively low frequency among polyclonal endogenous CD4 T
cells in a wild-type mouse (Kearney et al., 1994; Pape et al., 1997). Chen and Jenkins were the
first to use this approach to examine the CD4 T cell response to Salmonella (Chen and Jenkins,
1999). In this study, naive OVA-specific T cells from DO11.10 TCR transgenic mice were
adoptively transferred into MHC-compatible BALB/c mice. The transferred cells were
distinguished from endogenous T cells using an antibody specific for the DO11.10 TCR
(Haskins et al., 1983). DO11.10 T cells proliferated extensively in the draining lymph nodes
and spleen of both resistant and susceptible strains of BALB/c host mice, demonstrating that
susceptibility was unrelated to the frequency of Salmonella-specific T cells but rather was
dependent on the ability of these cells to secrete IFN-y (Chen and Jenkins, 1999).

The coordinated use of pathogen-expressed surrogate antigens and TCR transgenic T cell
adoptive transfer has now become a standard protocol for investigating T cell responses to
pathogens (Bertholet et al., 2006; Chen and Jenkins, 1999; Pope et al., 2001). Although this
approach certainly provides in vivo antigen-specific information, it also has some limitations.
First, the complex regulation of pathogen proteins in response to the host environment is very
poorly modeled by the over-expression of a transgene. Indeed, the selection of a promoter for
antigen expression in Salmonella can have profound effects on the induction of an adaptive
immune response (McSorley et al., 1997). This issue is evident in recent adoptive transfer
studies using OVA-specific OT-I TCR transgenic CD8 T cells and Salmonella expressing
OVA. A delayed CD8 response to OVA-expressing Salmonella was reported in one study, but
was not detected in a second study using a different antigen expression system (Jones-Carson
etal., 2007; Luu et al., 2006). Thus, transgenic over-expression studies are heavily dependent
on the strength and location of promoter activity in vivo. Second, the high level of model antigen
expression in many of these systems can have deleterious effects on the viability of host bacteria
(Bumann, 2001b; Wick and Pfeifer, 1996). Forcing a pathogen to devote a large percentage of
protein expression machinery to the production of an irrelevant protein is likely to disrupt the
natural life cycle of the pathogen and give rise to results that may be difficult to interpret. Third,
in many over-expression studies, the visualized CD4 or CD8 response to pathogen-expressed
model antigen does not contribute to protective immunity and may therefore provide very little
information about the nature of endogenous protective responses to pathogen proteins.
However, when dealing with infectious disease models where epitope identification is still in
its infancy, the over-expression of model antigens can still be a useful strategy to uncover
antigen-specific responses in vivo.

In an attempt to examine both antigen expression and T cell responses simultaneously, an
attenuated strain of Salmonella was generated expressing green fluorescent protein (GFP) fused
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to a minimal peptide sequence containing the immunodominant CD4 T cell epitope of OVA
(Bumann, 2001a). In contrast to the earlier study (Chen and Jenkins, 1999), the number of
OVA-specific T cells correlated precisely with the presence of antigen in vivo, which led the
author to conclude that the transient nature of the T cell response in the former study was due
to the enormous initial dose of OV A-expressing Salmonella administered (Bumann, 2003).

6.3 Salmonella-specific TCR transgenic mice

The artificial nature of surrogate antigen expression in visualizing Salmonella-specific
immunity provided the motivation for the development of an experimental system to examine
T cell responses to endogenous Salmonella epitopes. However, due to the limited number of
defined epitopes noted above, almost all these efforts have focused on a single antigen,
flagellin.

To provide a source of T cells with specificity to a bona fide Salmonella antigen, a transgenic
mouse called SM1 was generated using TCR a and B genes from a CD4 T cell clone specific
for residues 427-441 of flagellin in the context of I-AP (McSorley et al., 2002; McSorley et al.,
2000). SM1 mice were backcrossed onto a RAG-2 deficient background to eliminate
endogenous TCR rearrangement, which occurs at high frequency in this particular TCR
transgenic mouse (McSorley, unpublished observations). SM1 mice have also been crossed to
CD90.1 and CD45.1 congenic backgrounds, allowing identification of SM1 cells in adoptively
transferred recipients using antibodies specific for these alleles (Srinivasan et al., 2004b;
Srinivasan and McSorley, 2007). The advantage of this system over the use of an OVA-specific
system (Bumann, 2001a; Chen and Jenkins, 1999) is that SM1 cells allow examination of a
CD4 T cell response to an endogenously expressed Salmonella protein. Similar adoptive
transfer systems that allow visualization of T cell responses to endogenous bacterial antigens
have recently been developed in models of Mycobacterial infection (Reiley et al., 2008; Wolf
etal., 2008).

Oral infection of SM1-transferred mice with a virulent strain of Salmonella initiated rapid
activation and proliferation of SM1 cells in the intestinal Peyer's patches and mesenteric lymph
nodes (McSorley et al., 2002). A similar, highly localized response to antigen produced in the
draining lymph nodes was noted in the Mycobacterial model and may therefore be a common
feature of mucosal infection (Reiley et al., 2008; Wolf et al., 2008). Interestingly, in the SM1
model the flagellin-specific response remained localized to the Peyer's patch and mesenteric
lymph nodes despite systemic spread of the bacteria to the spleen and liver (McSorley et al.,
2002). The explanation for this finding is still not clear but several subsequent experiments
have addressed some of the potential issues.

A follow-up study indicated that strong competition from endogenous Salmonella-specific T
cells contributes to poor persistence of SM1 cells in response to live, but not heat-killed bacteria
(Srinivasan et al., 2004a). An intriguingly similar scenario was recently reported in which a
CD4 TCR transgenic T cell clone initially proliferated but quickly died off during infection
with recombinant Listeria monocytogenes (Williams et al., 2008). In this study, authors argued
that the TCR transgenic clones faced competition from endogenous T cell clones specific for
the same antigen. However, flagellin only constitutes a fraction of the overall CD4 T cell
response to Salmonella (Srinivasan et al., 2004a), and the frequency of naive endogenous T
cells specific for the flagellin I-AP epitope in C57BL/6 mice is very low (Moon et al., 2007).
Thus, competition may not be specifically for flagellin:I-AP ligands but rather access to
resources such as essential cytokines or antigen-presenting cells (APC).

Another possibility is that the expression of flagellin itself is simply not maintained following
initial infection. Indeed, Cookson and colleagues have reported differential expression of
flagellin in the spleen versus intestinal lymphoid tissue (Alaniz et al., 2006; Cummings et al.,
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2006). However, the transfer of Salmonella-infected splenocytes into naive mice causes
activation of SM1 cells, arguing that flagellin is available in the spleen, although this activation
was relatively weak suggesting that antigen may indeed be limiting if not absent (Srinivasan
et al., 2004b). One possibility is that flagellin is expressed in infected spleens in a sequestered
environment away from SM1 cells, but this has not been demonstrated experimentally.
Whatever the mechanism for the lack of a systemic SM1 response, flagellin is one of the most
abundant proteins expressed by Salmonella, and the evasion of a flagellin-specific T cell
response in the spleen may thus represent an important immune evasion tactic by
Salmonella.

6.4 Salmonella-specific tetramers

Despite the advantages of using the SM1 system, there are also drawbacks to the use of TCR
transgenic adoptive transfer systems. One inherent limitation of this approach is that the
epitope-specific T cell population under study is comprised of a single clonotype, raising the
possibility that the behavior of a monoclonal population may not accurately reflect the full
polyclonal repertoire of endogenous T cells responding to a given epitope. Also, it is now
known that modification of the naive precursor frequency by transfer of TCR transgenic T cells
can alter the half-life of T cells, affect the kinetics of T cell activation and have deleterious
effects on the development of immune memory (Badovinac et al., 2007; Ford et al., 2007;
Foulds and Shen, 2006; Hataye et al., 2006; Marzo et al., 2005). These issues raise the
possibility that an endogenous epitope-specific T cell may differ substantially from a relatively
high frequency TCR transgenic population.

Direct visualization of endogenous T cell responses in unmanipulated mice would avoid these
limitations, but the low frequency of epitope-specific endogenous cells makes this approach
technically difficult, and indeed necessitated the development of the TCR transgenic adoptive
transfer approach in the first place. However, recent developments in the construction of
peptide:MHC tetramers combined with new techniques for detecting low frequency T cell
populations now makes endogenous T cell tracking possible (Hataye et al., 2006; Moon et al.,
2007). We have recently generated a flagelling,7.441: 1-AP tetramer and have used it to examine
endogenous flagellin-specific T cell responses in vivo (Moon et al., 2007). Our initial studies
have demonstrated that naive flagelling7.441: 1-AP-specific T cells are found at very low
frequency in C57BL/6 mice (around 20 cells/mouse) but expand several hundred fold to a
systemic dose of flagellin peptide and LPS. We are currently studying the development of
endogenous flagellin-specific T cell responses in Salmonella infected mice using this tracking
methodology. With this new technology, the labor-intensive generation of T cell linesand TCR
transgenic mice will no longer be needed to study T cell responses to newly identified epitopes
in pathogen organisms.

7. Development and function of Thl cells during Salmonella infection

As noted above, numerous studies have demonstrated a requirement for Th1 cells producing
IFN-y for the resolution of Salmonella infection. However, the development of in vivo tracking
approaches have allowed more detailed insight into the development of Salmonella-specific
Th1 cells and how these cells mediate their effector function in vivo. These studies raise
important questions about exactly when Th1 cells contribute to Salmonella immunity and the
mechanism by which Th1 cells activate infected macrophages.

7.1 When do Thl cells activate Salmonella-infected macrophages?

Initial studies tracking SM1 T cells in response to live infection demonstrated that these cells
are activated extremely rapidly in intestinal lymphoid tissues of the gut (McSorley et al.,
2002). We now know that this early activation is dependent upon the rapid migration of
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CCR6* dendritic cells in response to Salmonella penetration of the Peyer's patch epithelium
(Salazar-Gonzalez et al., 2006). Thus, Salmonella-specific T cells are activated within a few
hours of oral infection. These data are somewhat at odds with earlier studies using gene-
deficient mice which suggest that Salmonella-specific T cells only contribute in the late stage
of disease resolution. Mice with deficiencies in Th1 cells or the development of Th1l cells all
display a profound deficiency in bacterial clearance from the spleen and/or liver (Hess et al.,
1996;Ravindran et al., 2005;VanCott et al., 1998; Weintraub et al., 1997), but this was only
evident several weeks after infection. Thus, while recent visualization studies indicate
activation of T cells within hours, bacterial colonization studies suggest T cells do not affect
bacterial growth until several weeks later. The development of Th1 cells and their contribution
to Salmonella immunity therefore requires more detailed study. One attractive possibility is
that Salmonella actively inhibit the function of Th1 cells in vivo.

The ability of Salmonella to inhibit T cells has been examined in some depth and has generally
focused on the ability of bacteria to regulate antigen presentation to avoid T cell activation
(Cheminay et al., 2005; Qimron et al., 2004; Svensson et al., 2000; Tobar et al., 2006; Tobar
et al., 2004; van der Velden et al., 2003; Yrlid et al., 2000). However, much of this work has
been carried out in vitro and the in vivo significance is not readily apparent, especially given
the fact that efficient activation of SM1 T cells occurs in response to oral or intravenous
infection (McSorley et al., 2002; Salazar-Gonzalez et al., 2006; Srinivasan et al., 2004b).
Considerably less attention has been given to the alternative possibility, that Salmonella can
inhibit the survival or function of Salmonella-specific T cells after initial expansion and
activation has already occurred. Indeed, we have already noted that SM1 T cells expand but
fail to survive long-term in mice exposed to live bacteria (Srinivasan et al., 2004a). Our more
recent data suggest that these SM1 cells die by apoptosis in a process dependent on bacterial
virulence factors (Srinivasan and McSorley, unpublished data). Thus, Salmonella can directly
inhibit the function of Salmonella-specific Thl cells that are activated early in the response.
Understanding the nature of this inhibitory effect may lead to the development of more effective
therapeutics or more immunogenic vaccine vectors for typhoid.

7.2 How do Th1 cells activate Salmonella-infected macrophages?

Naive CD4 T cells transit through the blood and secondary lymphoid tissues until they are
activated via the TCR by peptides presented by dendritic cells in the context of MHC class-11
(Jenkinsetal., 2001). After an initial round of expansion, these activated T cells acquire effector
functions and the ability to enter non-lymphoid tissues (Lefrancois, 2006; Swain et al., 2006).
It is generally assumed that an effector Thl cell trafficking to the liver will produce IFN-y
following recognition of peptide:MHC presented by a Salmonella-infected macrophage.
Therefore, this theoretical model requires two independent recognition events via the TCR;
the first in secondary lymphoid tissues, and the second at the infected site. However, recent
data raise questions about whether this second recognition event is actually required.

Given the current lack of knowledge about T cell epitopes in Salmonella infection, our
laboratory developed a crude means of visualizing endogenous Salmonella-specific T cells in
vivo (Srinivasan et al., 2004a). This simply involved the injection of infected mice with a
bacterial lysate and examining IFN-y and TNF-a production directly ex vivo. A sizable
population of CD4 and CD8 T cells was found producing these effector cytokines in infected
mice but not in naive mice (Srinivasan et al., 2004a), suggesting that this method allows
visualization of polyclonal endogenous CD4 T cells responding to Salmonella. Surprisingly,
CD4 and CD8 T cells were also activated to produce IFN-y when Salmonella-infected mice
were injected with ultrapure LPS (Srinivasan et al., 2007), demonstrating that T cell activation
in this assay occurred by innate stimulation. Furthermore, previously activated Salmonella-
specific T cells could respond and produce IFN-y even after transfer and stimulation in MHC
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class-11 deficient mice (Srinivasan et al., 2007). This “innate stimulation” of CD4 T cells was
only evident during active infection and was partially dependent on IL-18 signaling (Srinivasan
etal., 2007). Very similar results have been reported for virus-specific CD8 T cells in infected
mice (Beadling and Slifka, 2005; Berg and Forman, 2006; Kambayashi etal., 2003), suggesting
that innate stimulation of previously activated T cells is a fairly common phenomenon in
infectious disease models. Thus, although TCR ligation is required for initial expansion of
Salmonella-specific T cells in secondary lymphoid tissues, it may not be required for
elaboration of IFN-y production in the infected liver. The ability of effector T cells to respond
to innate stimuli such as LPS or inflammatory cytokines may be important for amplifying the
anti-bacterial effector response in the face of rapid bacterial replication. However, the relative
importance of innate activation of CD4 or CD8 T cells versus TCR ligation has not been
examined directly in any infectious disease model.

8. Conclusion

Visualization of pathogen-specific immune responses in vivo allows a more detailed
understanding of immunity to infectious disease. The development of TCR transgenic adoptive
transfer systems and new tetramer approaches will surely expand what we currently know
about adaptive immune responses from traditional methodologies. This new knowledge is
likely to lead to an in-depth understanding of T cell activation, effector function, and memory
development and holds considerable promise for the generation of novel vaccines and
therapeutics to treat infectious disease.
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Control Spleen Infected Spleen

Figure 1. Salmonella in the splenic red pulp of infected mice

C57BL/6 mice were infected orally with 5x10° attenuated Salmonella, SL.3261 and whole body
sections were taken three days later. Sections were blocked and stained with an antibody
specific to Salmonella LPS and the signal amplified using biotinyl tyramide and Streptavidin-
Cy5 (red). Tissue was counterstained will DAPI (blue) to stain nuclei. Images show staining
of spleens from control or Salmonella-infected mice.
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Identified Salmonella epitopes

Table 1

Peptide MHC restriction | Reference

GroEL 192-200 | Qa-1° (Lo et al., 2000)

OmpC 73-80 KP (Diaz-Quinonez et al., 2004)
OmpC 132-139 | KP (Diaz-Quinonez et al., 2004)
FliC 80-94 I-AK (Bergman et al., 2005)

FliC 339-350 [ I-AX (Cookson and Bevan, 1997)
FliC 427-441 I-AP (McSorley et al., 2000)

FliC 455-469 | I-AP (Bergman et al., 2005)

SipC 381-394 I-A (Musson et al., 2002)
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