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ABSTRACT OF THE DISSERTATION 
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2012 

   
 
 

 Bacterial pathogens must avoid clearance by the immune system to establish 

infection, yet many processes of bacterial immune subversion remain undefined.  T 

cells are a key component of the mammalian immune system and are required for 

protective immunity against many bacterial pathogens.  Salmonella enterica serovar 

Typhimurium avoid clearance by the host immune system by suppressing T cell 

responses, yet the mechanisms mediating this immunosuppression are still unknown.  

We previously showed that S. Typhimurium act directly on T cells to inhibit their 

proliferation and down-modulate T cell receptor (TCR) expression.  Based on these 

results, we have used a genetic approach to identify the S. Typhimurium genes required 

for T cell inhibition.  In these studies, we show that S. Typhimurium inhibit T cell 
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responses by producing L-asparaginase II, which catalyzes the hydrolysis of L-

asparagine to aspartic acid and ammonia.  L-asparaginase II is necessary and sufficient 

to suppress T cell blastogenesis, cytokine production and proliferation, and to down-

modulate expression of the TCR.  Purified L-asparaginase II alters TCR levels and 

cytokine profiles of T cells in vitro.  Furthermore, S. Typhimurium-induced inhibition of T 

cells in vitro is prevented upon addition of L-asparagine.  S. Typhimurium lacking the L-

asparaginase II gene (STM3106) are unable to inhibit T cell responses and exhibit 

attenuated virulence in vivo.  L-asparaginases are used to treat acute lymphoblastic 

leukemia through mechanisms that likely involve amino acid starvation of leukemic 

cells, and these findings indicate that pathogens similarly use L-asparagine deprivation 

to limit T cell responses. 
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INTRODUCTION 

 

I. Introduction to the immune system 

 In order to combat or prevent infection, mammalian hosts have developed a 

variety of defense strategies. The front line of defense is the physical and chemical 

barriers, which prevent microbes from entering the body.  When microbes are able to 

penetrate or evade these barriers, the immune system springs into action.  The immune 

system is an extremely dynamic and diverse entity, allowing it to be exceedingly 

effective at protecting an individual from invading pathogens.  The first responders are 

cells of our innate immune system, which is considered fast-acting, but relatively 

unspecific (180).  Innate immune cells express pattern recognition receptors (PRRs) on 

their surface, and these receptors detect evolutionary conserved pathogen-associated 

molecular patterns (PAMPs) on the invading microbes (9, 55, 105, 142, 157, 180).  

Additionally, many of these cells are phagocytes (e.g., neutrophils, macrophages and 

dendritic cells (DCs)), capable of engulfing and killing microbes.   

 Macrophages and DCs are professional antigen presenting cells (pAPCs) that 

after internalization and subsequent killing of the pathogen, process bacterial proteins 

(via the proteasome or acidified endocytic vesicles), generating pathogen-derived 

peptides or antigens (46, 105, 169).  These antigens get attached by peptide loading 

complexes (PLCs) and are subsequently bound by class I and II major histocompatibility 

(MHC) molecules; these latter complexes are transported to the cell surface (46, 168, 

169).  T cells of the adaptive immune system may recognize these antigen-MHC 

complexes on the surface of macrophages and DCs.  An immunological synapse is 
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formed at the cell surface between a T cell and APC; it consists of the molecules that 

contribute to adhesion and signaling between these two cells (52, 163).  This 

communication between T cells and members of the innate immune system is important 

for initiating a cell-mediated adaptive immune response (105).   

 The adaptive immune response is highly specific because it relies on the keen 

recognition ability of lymphocytes, but takes days or weeks to develop (105).  

Lymphocytes have receptors on their surface, which recognize and respond to an 

individual antigen of microbes.  There are billions of lymphocytes present in a host at 

any given moment, recognizing a wide repertoire of highly diverse antigens.  Once a 

lymphocyte comes across an antigen its receptor recognizes, there is clonal expansion 

of this engaged lymphocyte, and all of the newly expanded cells are now specific for this 

antigen.  After the adaptive immune response successfully clears the pathogen, there is 

contraction of this phase of the immune response (184).  A subset of these lymphocytes 

will become memory cells. These memory cells elicit a faster and larger response if 

these cells encounter the same antigen again. 

 Innate and adaptive immune responses work together to effectively control and 

clear infections with invading pathogens.  When cells of the innate immune system are 

activated, they work to eliminate the pathogen and produce cytokines or chemokines 

that recruit and activate cells of the adaptive immune system (9).  Cytokines are a family 

of small but potent polypeptides that influence the immune response.  Chemokines are 

a subset of cytokines functioning as chemoattractants to direct leukocyte trafficking and 

positioning within tissues. The adaptive immune system also provides positive feedback 



	   3	  

to the innate immune system through production of cytokines that can activate cells of 

the innate immune response or boost cell numbers (114).   

 A. The innate immune system 

 The quick-responding cells of the innate immune response serve two main 

purposes: 1) limit microbial dissemination and 2) clear or control the infection until the 

host engages a specific, adaptive immune response (11, 180).  The cells composing the 

innate immune system include: antigen-presenting DCs, phagocytic macrophages and 

neutrophils, natural killer (NK) cells and γδ T cells (70, 111).  These cells sense bacterial 

pathogens by recognizing PAMPs using Toll-like receptors (TLRs), NOD-like receptors 

(NLRs), and complement (9, 55, 105, 142, 157, 180).  Macrophages and DCs are 

important cells of the innate immune system that express TLRs (70, 111).   

 PAMPs are invariant, evolutionary conserved entities spanning entire classes of 

pathogens that allow the host to distinguish the pathogen from self; examples of PAMPs 

include peptidoglycan, flagellin, LPS, ds RNA, CpG DNA, etc. (111).  PRRs convert 

PAMP recognition into activation of signal transduction and cellular response pathways 

(19, 111).  Detection of bacteria by TLRs and NLRs triggers a cytokine and chemokine 

response resulting in amplification of danger responses, enhancement of the 

bactericidal capacity of immune cells, and ultimately generation of a more specific, 

adaptive immune response (19, 111, 140, 180).  NF-κB, AP1, and IRF3/7 activate many 

of these responses; they are transcription factors able to initiate production of pro-

inflammatory mediators, such as cytokines and interferons (111).  TLRs span a cellular 

membrane, whether it is at the cell surface or the membranes of endo-lysosomal 

compartments, while NLRs are soluble and found in the cytoplasm (28, 89, 111).  TLRs 
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survey the extracellular environment and phagolysosomal compartments and NLRs 

monitor the cytosol (70, 89, 111).   

 Phagocytosis is used by the innate immune system to stop and kill invading 

pathogens (67, 163).  It is an active process consisting of “receptor binding, 

internalization, and phagosome maturation” (140).  A phagocyte is able to recognize 

and bind PAMPs on the invading pathogen using its germline-encoded PRR.  

Subsequently, the phagocyte is able to engulf and ingest the microbe, which is 

contained in a membrane-bound vesicle, called a phagosome (175).  The phagosome 

becomes acidified and matures into a digestive organelle after it fuses with lysosomes 

forming a phagolysosome (67, 140, 175).  The lysosome releases its arsenal of 

destruction to the invading microbe: acidic pH, reactive O2 species, proteolytic 

enzymes, and antibacterial peptides (76, 163, 175).  Many of these molecules interrupt 

the integrity of the bacterial cell membrane, ultimately killing the bacteria (163). 

 Neutrophils and NK cells are important innate effector cells.  They can kill both 

invading microbes as well as infected cells (111).  Neutrophils are typically the first 

responder cell to the site of infection and can be activated by virtually all PAMPs and 

have mRNA for all known TLRs (111).  This allows them to be ready to attack and 

engulf a variety of invading pathogens from viruses to bacteria to fungi (111).  

Neutrophils utilize various mechanisms to kill invading pathogens, including the 

oxidative burst and neutrophil-extracellular-traps (NETs) (145). They are short-lived 

cells (1-3 days) that die after they have accomplished a round of phagocytosis.  NK 

cells release their cytoplasmic granules, containing granzyme and perforin, into the 

infected, bound cell.  NK cells express invariant receptors making them fast-acting cells.  



	   5	  

They do not require activation in order to kill infected cells or invading pathogens, but 

their cytotoxicity is increased 20-100 fold upon activation with interferon (IFN)-α, IFN-β 

or IL-12.  Activated NK cells secrete IFN-γ, enhancing the ability of macrophages to kill 

pathogens (111).   

 Macrophages are versatile cells that play many roles and are found in non-

lymphoid tissues as well as lymphoid organs.  They are	  key players in the innate 

immune system, help orchestrate the immune response, and clear dead cells and 

cellular debris (163).  They can change their function depending on the environmental 

signals they receive.  Macrophages are longer-lived cells (surviving for months) and are 

very efficient at ingesting and killing microbes by producing various lethal molecules 

(e.g., NO, O2
-, and H2O2) and toxic degradative enzymes (171).  Macrophages detect 

microbial pathogens and sense their viability using receptors (e.g., TLRs and NLRs) on 

their surface, in phagosomal vacuoles, and in the cytosol (140, 163).  Additionally, they 

help induce inflammation by secreting cytokines to activate and recruit other immune 

cells to the site of infection.  Macrophages also can act as APCs, displaying peptide on 

their surface for recognition by T cells.   

 DCs are an important part of the innate immune response and provide an 

essential link between the innate and adaptive immune response (17, 18, 27, 159, 168).  

When DCs are in an immature state, they have an enhanced phagocytic capacity and 

have lower expression of co-stimulatory molecules (19).  After DCs recognize PAMPs 

on pathogens, they undergo activation, maturation, and migration to secondary 

lymphoid organs (17, 18, 159).  As a part of this process, DCs have decreased 

phagocytic capabilities and display increased antigen-presenting MHC molecules and 
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co-stimulatory molecules (like CD80, CD86, and CD40) on their surface, allowing them 

activate naïve T cells (18, 19, 111, 159).  This results in an immune response specific to 

a particular antigen (19).  Activated DCs produce and secrete cytokines (e.g., IL-2) and 

induce activation and proliferation of lymphocytes, cells of the adaptive immune system 

(111).   

 DCs have different mechanisms by which they take up, process, and present 

antigenic peptides.  Uptake can occur by receptor-mediated phagocytosis or 

macropinocytosis; processing can occur via the proteasome or acidified endocytic 

vesicles; and presentation can occur by the traditional class I and II pathways 

(described above), cross-presentation, or peptide transfer (111).  Cross-presentation 

occurs when exogenous antigens are taken into the endocytic pathway and delivered 

into the cytosol for the eventual delivery to MHC class I molecules for presentation to 

CD8+ T cells (117).  Peptide transfer occurs when an antigen is transmitted from one 

DC to another for presentation to T cells (117).  DCs are “the most efficient” APCs, 

which internalize microbes, selectively process antigen, and present pathogen-derived 

peptides on their surface (6, 9, 105, 114, 165, 180).   

 γδ T cells are a fast-acting subset of lymphocytes, producing cytokines resulting 

in pathogen clearance, inflammation, and homeostasis (11).  They can also kill infected 

cells by engagement of death-inducing receptors as well utilizing effector molecules like 

granzymes and perforin (11).  γδ T cells release powerful chemoattractants for both 

neutrophils and macrophages, contributing to the early recruitment of these key players 

in the innate immune response (11).  γδ T cells are able to recognize conserved non-

peptide antigens as well antigens displayed by MHC (11).  Furthermore, certain subsets 
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of γδ T cells have a more memory or pre-activated phenotype which allows them to elicit 

a robust and fast-acting response without the requirement of lymphocyte amplification 

(11). 

 B. The adaptive immune system 

 Lymphocytes compose the cells of the adaptive immune system.  There are two 

classes of lymphocytes:  B lymphocytes (B cells) and T lymphocytes (T cells) (6, 11, 

70).  In the absence of infection, lymphocytes are small, inactive cells and, in the case 

of naïve T cells, can survive for years (184).  Both B cells and T cells express highly 

diverse, antigen-specific receptors on their surface enabling them to recognize 

countless foreign and self antigens (6, 11, 70, 184).  Each lymphocyte expresses many 

antigen receptors on its surface, but these receptors are all specific for a single antigen 

(6, 70).  Upon the proper recognition of the cognate antigen, lymphocytes can clonally 

expand, resulting in a population of lymphocytes all recognizing the same antigen (11).   

This contributes to the specificity of the adaptive immune response, which is initiated in 

a peripheral lymphoid organ, such as the lymph nodes or spleen.  Only those 

lymphocytes encountering their specific antigen will be activated to proliferate and 

differentiate into effector cells.  Clonally expanded lymphocytes acquire effector 

functions, which are tailored to clear that particular invading pathogen (11).   

 After the antigen-specific lymphocytes have successfully cleared the pathogen, 

the adaptive immune response goes through a contraction phase where many of these 

antigen-specific lymphocytes die by programmed cell death (apoptosis), and only a 

small fraction differentiates into memory cells (184).  Apoptosis involves cell shrinkage, 

chromatin condensation, and nuclear fragmentation; ultimately the cell breaks into 
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smaller pieces, which can be phagocytosed by neighboring APCs (10, 181).  

Establishment of immunological memory is perhaps the most important task of the 

adaptive immune system; a second encounter with the same antigen induces a more 

rapid and robust immune response (184).   

  i. Primary adaptive immune response 

 During infection, the immune response is constantly changing; both its nature 

and potency adapt over time, depending on when and where pathogens are 

encountered.  The primary immune response occurs the first time a pathogen is 

encountered and infection established.  As cells of the innate immune system via 

intercellular communication engage lymphocytes of the adaptive immune response, the 

innate immune cells and their antibacterial mechanisms are the prime responders to the 

pathogen.  Several days to weeks are needed for clonal expansion and differentiation of 

naïve lymphocytes into effector T cells and antibody-secreting B cells (95, 156).   

 The immune response starts with the fairly nonspecific, fast-acting responses of 

the innate immune system and becomes highly specialized and stronger against the 

invading microbe as the adaptive immune response is activated and quickly develops. 

Many microbes are controlled or killed by the innate immune response.  However, if the 

invading pathogen load exceeds a certain threshold, the innate immune response 

engages cells of the adaptive immune system.  The co-stimulatory ligands and antigen 

displayed in MHC molecules and the secretion of cytokines by cells of the innate 

immune system are essential for priming and activating the adaptive immune response.   

 The resulting adaptive immune response is antigen-specific and likely multiple 

antigens trigger the expansion of multiple T cell clones, all capable of recognizing the 
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invading pathogen.  The pathogen is eventually cleared by co-ordination of antibodies 

and the actions of effector T cells.  Subsequently, there is contraction of the adaptive 

immune response returning to a quiescent state, though a subpopulation of the antigen-

experienced lymphocytes will persist in the form of memory cells (Figure 1). 

 B cells become activated when the B cell receptor (BCR) recognizes its specific 

antigen; an additional important component of B cell activation is a second signal 

delivered by CD4+ T helper cells (6).  The BCR recognizes both soluble and membrane-

bound antigens; furthermore, the BCR has the capacity to recognize antigens in their 

unprocessed, native state (6).  After antigen engagement, B cells acquire the ability to 

process and present antigen via MHC class II to CD4+ T helper cells, which in turn 

induce B cell proliferation and differentiation (6).  This is a requirement when it is a 

thymus-dependent antigen.  When the antigen is thymus-independent (e.g., bacterial 

polysaccharides), there is no need for co-stimulation from CD4+ T helper cells. 

Activated B cells can differentiate into plasma cells, which secrete high-affinity 

antibodies, or into memory B cells, which provide long-term protection in case of 

subsequent exposure to the same antigen (6).  This initial exposure to the antigen 

results in secretion of IgM, which is generally followed by secretion of IgG, due to class 

switching, as the response develops (156).  These high-affinity, antigen-specific 

antibodies contribute to the specificity of the adaptive immune response and effective 

pathogen clearance. 

 There is a very low precursor population of T cells that recognize a particular 

antigen; only an estimated 1 in 100,000 or 200 T cells in the entire lymphoid system of a 

mouse have this capability (95, 143, 184). During the expansion phase, a single 
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antigen-specific T cell can go through more than 15 consecutive rounds of division, 

resulting in ~10,000 fold amplification, and these antigen-specific T cells are key in 

pathogen clearance (95, 184).   

 An important component of inducing T cell-mediated immunity is T cell priming: 

the activation, proliferation, and differentiation of naïve T cells into effector T cells 

(Figure 2 (166)).  The development of the T cell response is an antigen-driven process 

coupled to proliferation and differentiation (20).  T cells increase in size and granularity, 

a process known as blastogenesis, before proliferating, resulting in a lengthy and 

metabolically demanding activation process (47, 95, 130, 184).   

 Following the capture of antigen and presentation in the context of an MHC 

molecule, the APC (e.g., DC, macrophage, or B cell) migrates to a peripheral lymphoid 

organ, where it presents the antigen to naïve T cells.  T cell activation generally requires 

two signals.  The first signal transduced is when the TCR and co-receptor (e.g., CD4 or 

CD8) recognize their cognate antigen in the context of MHC expressed on the surface 

of an APC (Figure 3 (46, 52,117)).  The second signal comes from co-stimulatory 

molecules on the surface of the same APC signaling through CD28 (Figure 3 (46, 52, 

117)).  CD28-mediated co-stimulation promotes generation of IL-2, further stimulating T 

cells (130).  As T cells become activated, their expression profile of numerous surface 

markers changes; CD69 and CD25 are considered early activation markers, while 

CD62L and CD44 are considered later activation markers (92, 104, 184).  During the 

differentiation process, T cells often get an additional stimulation by detecting key 

cytokines.   
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 The co-receptor, either CD4 or CD8, contributes to the type of antigen that is 

recognized by the TCR and also helps to determine their effector function.  CD4+ T cells 

typically recognize peptides derived from extracellular (exogenous) proteins displayed in 

the context of class II MHC (52).  When CD4+ T cells recognize infected cells, they can 

acquire the ability to produce and secrete cytokines that activate the intracellular killing 

mechanisms of the infected antigen presenting cells.  CD8+ T cells typically recognize 

peptides derived from cytoplasmic (endogenous) proteins displayed in the context of 

class I MHC (52).  When CD8+ T cells recognize infected cells, they can also acquire 

the ability to produce and secrete cytokines, but additionally have the ability to directly 

lyse infected cells, thereby disrupting the intracellular life cycle of the pathogen.   

 CD4+ T cells are considered to have a greater repertoire of effector functions and 

can be further classified into several subsets of T helper cells: TH1, TH2, and TH17 or T 

regulatory (T reg) cells, which contribute to the immune response to distinct subsets of 

invading pathogens (31, 90). TH1 cells play a role in the inflammatory response to 

intracellular pathogens and contribute to cell-mediated immunity by producing IFN-

γ, TNF-α, and IL-2 (11, 31, 121).  IL-2 signals the continuation of T cell proliferation and 

differentiation (95).  Production of IL-12 and IL-18 by macrophages drives expansion of 

the TH1 cell response (172).  TH2 cells help clear extracellular organisms and parasites 

by producing IL-4, IL-5, IL-10 and IL-13 and contribute to humoral immunity along with 

assisting in IgG1 and IgE class switching (11, 31, 121).   IL-4, STAT-6, and Gata-3 drive 

the TH2 cell response (121).  TH17 cells contribute in the clearance of fungi and 

extracellular bacteria by recruiting and activating neutrophils; they produce IL-17A, IL-

17F, IL-21 and IL-22 (11, 31).  T reg cells suppress the activation and development of T 
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cells, thereby dampening the T cell response and ultimately leading to contraction of the 

response (74).  Additionally, they suppress the immune response to self-antigens, 

ensuring immune tolerance (11, 74).  The commitment to a specific T helper cell lineage 

is irreversible and occurs by the fourth round of cell division (31).   

 Naïve CD8+ T cells require more co-stimulatory activity to become activated 

effector cells than naïve CD4+ T cells.  CD4+ T cells contribute to the maturation of 

CD8+ T cells by producing IL-2 that promotes CD8+ T cell differentiation and stimulate 

APCs to express higher levels of co-stimulatory molecules (117).  Some CD8+ T cells 

are termed ‘cytotoxic’ T cells because they have cytotoxic granules, containing perforin, 

granzymes, and granulysin, which they utilize to kill infected cells (52).  This antigen-

specific, targeted cell lysis is an important function of CD8+ T cells (107).  Effector T 

cells can enter the bloodstream, allowing them to travel to the infection site.   

  ii. Immunological memory and the secondary immune   

   response 

   a. Establishment of immunological memory 

 After the primary infection is resolved, there is contraction of the antigen-specific 

T and B cell populations.  Approximately 95% undergo apoptosis and the remaining 

small percentage of both populations contributes to establishment of immunological 

memory (90, 95, 184).  These memory lymphocytes are distinct from their predecessors 

during the primary adaptive immune response (95, 156).  These surviving antigen-

experienced lymphocytes go through a transient refractory state where they dampen 

their response to antigen, ultimately diminishing their proliferative capacity (60).  As 

antigen exposure lowers, these cells gradually return to an activation-competent resting 
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state (60).  Memory cells are long-lived cells that are maintained in a resting state, but 

upon exposure to the same antigen again provide an accelerated, more robust 

response (Figure 4) (184).   

   b. Recall responses of B and T cells 

 The response by B cells in a recall response is both qualitatively and quantatively 

different from the response in a primary adaptive immune response (156), since there 

are more antigen-specific memory B cells.  Memory B cells can quickly differentiate into 

plasma cells upon subsequent antigen exposure; additionally, they continuously 

express co-stimulatory molecules (CD80 and CD86) on their surface (6, 156).  Further, 

the secondary antibody response has low levels of IgM and much higher amounts of 

IgG, along with some IgA and IgE (6, 156).  Memory B cells are the main source of 

these antibodies; as these cells had already switched from IgM to the more mature 

isotypes, thus more are produced during the secondary response (6, 156).  

Furthermore, the affinity of IgG antibodies increases during the primary antibody 

response and it continues to increase during the secondary response (6,156).  This 

results in higher affinity antibodies in the secondary response (6, 156).  Reactivated B 

cells with high-affinity antigen receptors efficiently engage antigen and subsequently 

interact with helper T cells, resulting in their quick activation and robust proliferation (6, 

156). 

 Memory T cells are a heterogeneous population that are different from their naïve 

counterparts (95).  Memory T cells display unique surface molecules allowing them to 

migrate and home to nonlymphoid tissues (92). Likewise, these surface molecules (e.g., 

adhesion molecules) make memory T cells more sensitive to antigen stimulation, 
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allowing them to respond quicker (since they no longer require co-stimulation) and have 

an enhanced production of cytokines (95).  Antigen-experienced memory T cells also 

prevent the activation of naïve T cells to the same antigen.   

 Memory T cells can be further classified into central memory (TCM) and effector 

memory (TEM) T cells; originally defined on their distinct migration patterns (60, 95).  TCM 

cells are CD62L+ and CCR7+, allowing them to retain their migratory properties and 

circulate through the secondary lymphoid organs (181), while TEM cells are CD62L- and 

CCR7- and express receptors allowing them to home to sites of infection (181).  

Additionally, TCM cells maintain the ability to proliferate robustly and secrete IL-2, IFN-γ, 

and TNF-α abundantly upon re-stimulation (95, 181).  However, they still require a brief 

period (only minutes, as compared to days) of differentiation to acquire specific effector 

functions (e.g., directly lysing infected cells) (95).  In contrast, TEM cells do not undergo 

much proliferation after re-stimulation, but can still secrete large amounts of effector 

cytokines (like IFN-γ and TNF-α) as well as elicit other effector molecules like perforin 

and granzyme B (95, 181).  Thus, the fast-acting and robust responses of both TEM and 

TCM cells allow for quicker clearance when an immunized host re-encounters a 

pathogen. 

 

II. Bacterial subversion of the host immune response 

 Numerous pathogens subvert pathways of the innate immune systems, but how 

bacterial pathogens overcome pathways of the adaptive immune systems is not as well 

understood.  To survive and replicate in the mammalian host, bacterial pathogens must 

adapt to unique and often hostile environments.  Thus, they have evolved sophisticated 
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molecular mechanisms to evade recognition by their host or manipulate their host.   

Bacterial pathogens must: gain entry to the body; acquire nutrients; survive or grow; and 

evade and modulate both innate and adaptive immune responses.  Many bacterial 

pathogens utilize protein secretion systems to produce and export effector proteins 

(e.g., toxin) to manipulate host cells and host cell function into an environment that is 

conducive to bacterial entry, survival, and growth.   

 A. Subversion of the innate immune response 

 Innate immune cells have many strategies to kill invading pathogens.  

Phagocytes engulf invading pathogens and subsequently kill them by phagocytosis.  

Another important mechanism used by the innate immune response to eliminate 

pathogens is to elicit help from the adaptive immune system.  In order to survive, 

bacterial pathogens have developed countering strategies to avoid innate cells or their 

effector functions.  These abilities include (though are not limited to): 1) inhibiting uptake 

by phagocytes; 2) interfering with phagocytosis; 3) killing innate immune cells; 4) 

delaying host cell death; and 5) dampening host inflammatory responses. 

  i. Inhibition of uptake by phagocytes 

 A number of pathogens inhibit uptake by phagocytes by secreting effector 

proteins that disrupt host cell signal transduction pathways or by producing an 

antiphagocytic capsule.  For example, Yersinia spp., Pseudomonas aeruginosa, and 

enteropathogenic Escherichia coli (EPEC) use protein secretion systems to inject 

effector proteins into the host cell cytosol (175).  These effector proteins inhibit bacterial 

uptake.  They interact with host proteins responsible for actin polymerization to inhibit 

the cell surface modifications required for phagocytic internalization (175).  Other 
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pathogens (e.g., Streptococcus pneumoniae) form a capsule, which offers them 

protection from phagocytes (66).  

  ii. Interfering with phagocytosis 

 While some pathogens interfere with phagocyte uptake, a number of intracellular 

pathogens interfere with different aspects of the phagocytic pathway to survive.  

Legionella pneumophila, Mycobacterium tuberculosis and Brucella abortus prevent the 

phagolysosome from maturing (175).  If the antimicrobial molecules from the lysosome 

do not enter the phagosome, the membrane-bound compartment can be used for 

bacterial survival and growth (175).  L. pneumophila utilize a type IV secretion system to 

deliver over 200 effector proteins into the host cytosol; some of these proteins have 

distinct biochemical properties to manipulate the host vesicular transport system, 

preventing acidification of the Legionella-containing vacuole (46, 53).  M. tuberculosis 

deplete H+ ATPase molecules from the vacuolar membrane, preventing its acidification, 

thereby inhibiting phagolysosome maturation (66, 67).  Other intracellular pathogens 

(e.g., Rickettsia spp., Shigella spp. and Listeria spp.) escape killing mechanisms by 

disrupting the phagosomal membrane and escaping before it fuses with the lysosome, 

allowing the bacteria to enter the cytosol where they may survive and replicate (66, 127, 

129, 171, 175).    

  iii. Killing of phagocytes 

 To inhibit clearance, many pathogens have strategies to avoid being killed; other 

pathogens avoid being killed by actually killing the host cell.  The killing of host cells can 

benefit the pathogen in several ways.  Pathogens can kill macrophages or DCs to 

evade the host’s immune system.  Salmonella spp., Shigella spp., Yersinia spp., S. 
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pneumoniae, L. pneumophila and P. aeruginosa induce apoptosis in host inflammatory 

cells, preventing the release of pro-inflammatory molecules (30, 53, 66, 175).  Some of 

these organisms use secretion systems to inject effector proteins, which bind and 

activate host caspase-1, triggering apoptosis, ultimately resulting in host cell death (30, 

66, 168, 175).  Other pathogens (e.g., Bacillus anthracis and Staphylococcus aureus) 

use toxins to activate caspase-1 to kill macrophages, inhibiting the defense of these 

phagocytes (10).  Yet other pathogens (e.g., Neisseria gonorrhoeae) translocate pore-

forming proteins into host membranes, generating holes, ultimately killing the host cell 

(49). 

  iv. Delaying host cell death 

 Obligate intracellular pathogens require intact host cells for their survival and 

delay the dying of host cells.  Anaplasma phagocytophilum target neutrophils and, upon 

uptake, inhibit apoptosis of the cell (by up-regulating anti-apoptotic proteins) for hours or 

even days until the bacterium successfully finishes its developmental cycle (10).  

Chlamydia trachomatis is another example of an obligate, intracellular pathogen that 

requires viable, intact host cells for its own replication (10).  C. trachomatis target 

members of the apoptotic machinery for proteasomal degradation as well up-regulate 

anti-apoptotic proteins (10).  Also, by delaying host cell death there is not the immediate 

release of pro-inflammatory cytokines.   

  v. Dampening of host inflammatory responses 

 Some pathogens survive by dampening the host inflammatory responses.  This 

can be facilitated by evading stimulation of TLRs or NLRs as well as inhibiting or 

manipulating cytokine production, which will impact the activation and recruitment of 
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other immune cells.  Other microbes (e.g., Helicobacter pylori, Porphyromonoas 

gingivalis, and L. pneumophila) modify their PAMPs to avoid recognition by TLRs and 

prevent triggering an immune response (111).  Y. enterolitica injects effector proteins, 

including Yersinia outer proteins (Yops), to interfere with antigen presentation by DCs to 

T cells (8).  Yersinia spp. utilize another set of virulence factors, V antigens, during 

infection (111).  These stimulate an anti-inflammatory response by inducing IL-10 

production and suppressing TNF-α production (66, 111).  IL-10 is a potent suppressor 

of macrophage activation and function (66).  By stimulating production of 

immunosuppressive cytokines, such as IL-10, pathogens dampen the inflammatory 

response. 

 B. Subversion of the adaptive immune response 

 A number of bacterial pathogens avoid clearance by subverting pathways of the 

adaptive immune system, yet many of these mechanisms are not well understood.  

Some pathogens avoid clearance by evading aspects of the humoral immune response 

or the cell-mediated immune response.  When there is a thymus-dependent antigen, B 

cells need co-stimulation from a CD4+ T helper cell; however, if there is not a proper T 

cell response established, there is a subsequent failure to initiate a proper B cell 

response.   

  i. Evasion of the humoral immune response 

   a. Inhibition of BCR signaling 

 Several bacterial pathogens inhibit the responses of B cells by interfering with 

BCR signaling.  By reducing BCR signaling, there is suppression of the overall B cell 

response resulting in reduced antibody and cytokine production.  Y. pseudotuberculosis 
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use their type three secretion system (TTSS) effector, YopH, to dephosphorylate key 

components of the BCR after stimulation by antigen (66, 172).  This inhibits up-

regulation of the co-stimulatory molecules, CD86 and CD69 (66, 172).  CagA 

expression by H. pylori inhibits IL-3-dependent B-cell proliferation by inhibiting JAK-

STAT signaling (1).   

   b. Evasion of the antibody-mediated immune response 

 Evasion of the antibody-mediated immune response is one mechanism 

pathogens exploit to prevent clearance by the adaptive immune response.  Antigenic 

variation is used by S. pneumoniae and N. gonorrhoeae to evade the antibody response 

(22).  There are more than 80 strains of S. pneumoniae.  Each strain is antigenically 

distinct due to differences in the structure of its polysaccharide capsule.  N. 

gonorrhoeae use several mechanisms of evading the humoral response.   It has a 

highly variable pilin structure; pilin is the major subunit of Neisseria spp. type IV pilus 

apparatus, which is critical for infection.  The variability is generated by non-reciprocal 

DNA rearrangements of its multiple pilS silent storage loci and the pilin expression locus 

(22).  This process generates enormous antigenic variation and allows the bacterium to 

evade neutralization by secretory IgA (22).  Additionally, Neisseria spp. can avoid the 

effector functions of secretory IgA by secreting proteases which cleave it at the hinge 

region (62).  The resulting Fab and Fc fragments have a shortened half-life in mucous 

secretions and cannot agglutinate the bacteria.  Treponema pallidum are camouflaged 

because their surface is coated with host proteins (126, 135).  This avoids recognition 

by antibodies until the bacteria have invaded tissues, like the central nervous system, 

where they are less accessible to antibodies (126, 135). 
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  ii. Subversion of the cell-mediated response 

   a. Down-modulation of MHC class I or II 

 Many pathogens inhibit antigen processing and presentation by down-modulating 

expression of MHC class I or II, which ultimately allows them to avoid clearance 

because the T cell response is dampened.  Mycobacteria and C. trachomatis are 

pathogens capable of down-modulating MHC class II surface expression and preventing 

the transcription of IFN-γ responsive genes, cooperatively inhibiting the CD4+ T cell 

response (66).  Also, C. trachomatis can block MHC class I surface expression (66).  S. 

Typhimurium also interfere with antigen presentation by both MHC class I and II, 

suppressing the response of both CD4+ and CD8+ T cells (18, 27, 71, 133).   

   b. Inhibition of TCR signaling  

 Other pathogens avoid clearance by T cells by reduced signaling through the 

TCR.  This results in a dampened T cell response, which can be observed by a lack of T 

cell proliferation.  N. gonorroheae utilize opacity-associated proteins (OPA) to inhibit the 

activation and proliferation induced by ligation of the TCR on CD4+ T cells (66).  Y. 

pseudotuberculosis use its effector, YopH, to dephosphorylate important proteins of the 

TCR after it is engaged by antigen (66, 172).  This prevents TCR-mediated IL-2 

production and ERK activity (66, 172).  YopH can also obstruct Ca2+ signaling, which is 

important in T cell activation (172).   

   c. Manipulation of cytokine production 

 Some bacteria manipulate cytokine production by T cells to avoid clearance. 

Mycobacteria manipulate the host’s production of cytokines and stimulate production of 

immunosuppressive cytokines, which inhibits the immune response (66).  Mycobacteria-
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infected macrophages produce IL-6, inhibiting T cell activation, and the 

immunosuppressive cytokines IL-10 and TGF-β (66).  Additionally, the production of 

these cytokines can trigger the generation of T reg cells, which also dampens the 

immune response (66).   

 H. pylori deploy extensive mechanisms to inhibit T cells.  Co-culture of H. pylori 

with T cells results in T cell inhibition; this is characterized by decreased IL-2 

production, decreased CD25 surface expression, inhibition of proliferation and cell-cycle 

arrest (1).  Many of these effects are the result of VacA (1, 54, 154, 161).  H. pylori 

inhibit induction of TH1-biased CD4+ T cells by hindering IL-12 secretion by DCs, 

dampening their function (8).   

   d. Inhibition of T cell migration 

 Shigella flexneri inhibit the migration of activated T cells.  Furthermore, they 

actively invade activated CD4+ T cells (81).  Invasion is dependent on the bacteria’s 

TTSS; after S. flexneri invades the T cell, there is TTSS effector, IpgD-dependent 

inhibition of chemokine-induced T cell migration (81).  S. flexneri also utilize their TTSS 

to skew the T cell response to a TH2 response by inhibiting production of IL-12 (127). 

   e. Inhibition of T cell proliferation 

 Some pathogens avoid clearance by inhibiting T cell proliferation.  H. pylori block 

antigen-dependent proliferation of T cells through secretion of VacA into the 

extracellular space and CagA into the host cell (48, 54, 66, 154, 161). Additionally, H. 

pylori utilize arginase to inhibit T cell proliferation by down-modulating expression of the 

CD-3ζ chain of the TCR (1).  Further, Yersinia spp. use YopH to block the 
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“phosphatidylinositol 3-kinase-dependent T cell activation pathway required for cell 

proliferation” (172).   

   f. Killing T cells 

 To avoid T cell effector functions, some pathogens induce T cell apoptosis.  L. 

monocytogenes triggers lymphocyte apoptosis using the pore-forming toxin listeriolysin 

O (24).  Trypanosoma cruzi induce apoptosis of CD4+ T cells both in vitro and in vitro 

(49).  By triggering apoptosis in T cells, the bacteria actively inhibit the T cell response.   

 

 In conclusion, bacterial pathogens utilize many different strategies to overcome 

pathways of the mammalian immune response to avoid clearance and establish 

infection.  Salmonellae are pathogenic bacteria that cause acute immunosuppression 

and delay the onset of protective immune responses, yet these mechanisms are not 

well understood.  This dissertation focuses on elucidating mechanisms of T cell-

mediated immune subversion used by Salmonellae. 

 

III. Salmonellae 

 A. Taxonomy 

 Salmonellae are facultative intracellular Gram-negative bacterial pathogens that 

are members of the Enterobacteriacae family (35, 50, 71, 88, 157).  It is thought that 

Salmonellae diverged from the closely related genus Escherichia coli about 100-150 

million years ago (35, 142). Salmonellae genomes consist of around 4500 genes and 

over 100 have been linked to virulence (35).  The genus Salmonella is divided into two 

species, S. bongori and S. enterica (50, 84).  S. bongori has only one subspecies 
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(subspecies V) whereas S. enterica are divided into six subspecies (I, II, IIIa, IIIb, IV and 

VI) (35, 50, 84).  Salmonella serotypes are differentiated by biochemical and antigenic 

characteristics as well as genome phylogeny.  S. bongori is mainly found in cold-

blooded animals and is considered an opportunistic pathogen (35).  S. enterica 

subspecies I is restricted to warm-blooded animals, such as mammals, and thus 

includes important human pathogens, while the others mainly infect cold-blooded 

animals (50, 84).  Serotypes of S. enterica subspecies I include the important human 

pathogens: S. Typhi, S. Typhimurium and S. Enteritidis.  S. enterica subspecies I 

genomes are >90% homologous and these differences may contribute to host 

specificities, which is an important factor of Salmonella biology and pathogenicity (17).  

The further classification into serovars based on the flagellar antigen expands the 

number of Salmonella variants to greater than 2,500 (34, 50, 84).  

 B. Epidemiology 

 Salmonellae are a significant cause of worldwide morbidity and mortality in 

humans (55, 162).  Salmonellae are able to survive in the environment (35).  Hence, 

they flourish in parts of the world where drinking water quality and sewage treatment are 

inadequate (112, 114, 138). Salmonellae serotypes can be divided into two categories: 

Typhoidal Salmonellae (e.g., S. Typhi, S. Paratyphi), which cause enteric (typhoid) 

fever, and nontyphoidal (NTS) Salmonellae (e.g., S. Typhimurium, S. Enteritidis), which 

cause enteritis.  NTS salmonellosis is characterized by massive influx of neutrophils in 

the colon and ileum (50).  In contrast, neutrophils are largely absent from the gut in 

typhoidal salmonellosis (50).   
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 Annually, there are an estimated 28 million cases of enteric fever (typhoid and 

paratyphoid) reported worldwide, resulting in 500,000 to 600,000 deaths (77, 96).  

Additionally, there are 93.8 million cases of nontyphoidal gastroenteritis each year, and 

approximately 155,000 of these cases are fatal (34, 149, 162).  In sub-Saharan Africa, 

S. Typhimurium and S. Enteritidis are increasing causes of lethal disease (e.g., 

bacteremia and meningitis) (149, 162).  Recently, emergence of multidrug-resistant S. 

Typhi and NTS serotypes has been increasing, which is limiting treatment options (57, 

112, 138, 162). 

 There are around 40,000 cases of salmonellosis reported in the United States 

each year, leading to 400 deaths.  Moreover, NTS serotypes are the primary cause of 

death from food-borne illness in the US and cost $0.5-2.3 billion in medical care and lost 

productivity (142, 162).  This does not even factor in the losses in the animal and poultry 

sector due to salmonellosis.  

  C.  Salmonellae host range and specificity  

 The host specificity of different Salmonellae serotypes often determines the 

nature of the clinical illness, but the molecular basis for these host specificities is not 

well understood.  S. Typhi and S. Paratyphi are highly adapted for humans and cause 

enteric fever; they do not colonize or cause disease in animals (77, 97).  S. 

Typhimurium and S. Enteritidis have broad host ranges and may colonize or cause 

gastroenteritis in humans, mice and fowl; they are most frequently associated with 

gastroenteritis in humans because of the large reservoirs of bacteria in domestic 

animals (35, 84, 149, 162).  Approximately 90% of genes in S. Typhi and S. 
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Typhimurium are identical, suggesting that the remaining 10% of genes contribute to 

host specificity (34). 

 D. Symptoms and pathogenesis of infection with Salmonellae 

 There is a range of disease caused by Salmonellae:  typhoid fever (caused by S. 

Typhi and S. Paratyphi), gastroenteritis (mostly caused by S. Typhimurium and S. 

Enteritidis), invasive disease or bacteremia (can be caused by all Salmonellae 

serotypes), and asymptomatic carriage (77).  Gastroenteritis is characterized by 

nausea, vomiting, non-bloody diarrhea, fever, cramps, and headache (77, 96, 112).  

The symptoms of typhoid fever include sepsis and bacteremia, with continued fever for 

more than a week before abdominal pain and gastrointestinal symptoms (77, 96, 112). 

 An estimated 4-6% of typhoid patients become chronic, asymptomatic carriers of 

S. Typhi (57, 112, 114, 138, 148, 162).  Typhoid carriers are of particular concern 

because they are reservoirs of infection and disease, which can occur over decades 

(57, 138, 148).  The most infamous case of a typhoid carrier is ‘Typhoid’ Mary Malon 

who was a cook on Long Island, NY and accountable for at least 26 deaths and dozens 

of infections in others in the United States (57, 77, 138).   

 Salmonellae are acquired by oral ingestion of contaminated food or water and 

transmitted through fecal shedding of bacteria (35, 57, 112, 114, 138).  Salmonellae 

penetrate the mucus barrier and adhere to and invade into epithelial cells of the terminal 

small intestine and subepithelial tissue, where the bacteria can be internalized by 

macrophages (180).   

 When nontyphoidal Salmonellae cause self-limiting gastroenteritis, the infection 

generally does not progress beyond the lamina propria (114, 180).  Nontyphoidal 



	   26	  

Salmonellae infection results in the induction of acute phase, exudative inflammatory 

changes in the intestine.  The exudative inflammation is initiated in part by pro-

inflammatory cytokines (180).  Bacterial detection by TLRs and NLRs initiates the 

cytokine cascade (180).  Exudative inflammation is characterized by increased vascular 

permeability, neutrophil recruitment, and the formation of tissue exudates above 

surfaces or within spaces (180).  The neutrophils recruited to the site of infection help 

confine the bacteria to the gastrointestinal tract because these phagocytes are 

equipped with antibacterial host defenses (180).  However, in some instances, 

nontyphoidal Salmonellae may spread hematogenously to other sites in the body (180).  

Additionally, the resulting inflammatory response mediates the release of 

prostaglandins, which stimulate cAMP and active fluid secretion with loose diarrheal 

stools (180).  Another important component of exudative inflammation is the epithelial 

release of antimicrobial factors (180).  In NTS salmonellosis, there is an adequate 

inflammatory response that results in the eventual bacterial clearance. 

 In contrast, when Salmonellae infection causes enteric fever, the bacteria 

penetrate the host epithelium and there is interstitial inflammation, but a lack of 

neutrophil recruitment (180).  Typhoidal Salmonellae are able to break through the 

intestinal barrier through the Peyer’s patches, preferentially entering through M cells, 

specialized antigen sampling cells, which sample luminal contents for uptake by 

phagocytic immune cells (114).  Salmonellae interact with DCs after passage through M 

cells (27).  After penetrating the intestinal epithelium, Salmonellae can also be found in 

macrophages in the lamina propria (56).  From the Peyer’s patches, Salmonellae 
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disseminate to the mesenteric lymph nodes (MLNs), allowing the bacteria to enter the 

blood stream, leading to transient bacteremia (114).   

 Salmonellae are readily cleared from the blood by phagocytes in the spleen and 

liver.  However, a small number of bacteria can survive and replicate inside these host 

cells. The ability of Salmonellae to survive and replicate inside professional phagocytes 

is important for virulence (114).  Salmonellae use phagocytes to gain entry into lymph 

nodes, spleen and liver, allowing the bacteria to establish long-term infections (148).  

More than 80% of Salmonellae found in these tissues are inside pAPCs, but the 

majority of infected pAPCs present in MLNs, spleen, and liver contain only very few 

bacteria (97, 148).  After dissemination into these distal organs, Salmonellae thrive 

because they adjust to the stressful environment produced by the innate immune 

system utilizing various virulence factors (107).   

 Following phagocytosis of Salmonellae by pAPCs, the host cells can secrete 

cytokines to recruit lymphocytes to the site of infection (26).  Additionally, the pAPCs 

travel to local lymph nodes to present Salmonellae antigens to T cells, activating 

adaptive immunity (148).  The recruited lymphocytes can also secrete cytokines to 

enhance the antibacterial functions of phagocytes and also contribute to lysis of infected 

host cells (96, 107, 114).  After the adaptive immune system is engaged, Salmonellae 

are eventually cleared (107).  Antibiotic therapy is often recommended to fully clear a 

typhoidal Salmonellae infection and to avoid the carrier state. 

 E. Mouse models to study acute and chronic Salmonella infection 

 S. Typhimurium are associated with gastroenteritis in humans, but can cause 

typhoid-like systemic infections in mouse models (50, 112, 142, 162).  Our laboratory 
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uses S. Typhimurium to study typhoid-like systemic infections in mouse models.  

Laboratory mouse strains available to study Salmonella vary in their susceptibility to the 

bacteria (often based on the expression of a functional Nramp allele). In susceptible 

strains of mice, S. Typhimurium induce acute immunosuppression and delay the onset 

of a protective immune responses.  Infections of mice with S. Typhimurium have served 

as useful models to study the human disease caused by S. Typhi (34, 35, 88). These 

susceptible strains of mice, such as C57BL/6J, are good models for studying the acute 

disease (14, 114, 148).  After infection with S. Typhimurium, susceptible strains of mice 

die from uncontrolled bacteremia and organ failure within a week using an intravenous 

dose as low as 100 CFU (14, 92, 139, 148).  Furthermore, the C57BL/6J strain of 

mouse has important ‘immunological tools’ available (e.g., creating gene deficient mice, 

generating mouse strains where all the TCRs recognize one specific antigen, etc.), 

allowing researchers to study specific aspects of a Salmonella infection (107).  The 

more resistant strains of mice, such as 129X1/SvJ, are useful models for studying 

Salmonella persistent/chronic infection and transmission (14, 34, 87, 114, 148).  This 

chronic mouse model of salmonellosis has been used to identify genes required for 

Salmonella persistence.  Both murine models have contributed in understanding 

salmonellosis, including identifying virulence factors, mechanisms of pathogenicity, and 

the host immune response to infection (25, 34).   

 F. Salmonella virulence factors 

 Salmonellae have a large arsenal of virulence factors and it has been estimated 

that approximately 4% of its genome is required for fatal infection in mice (12, 34).  The 

virulence factors listed below are only a handful of virulence factors that Salmonella 
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deploy in order to gain access to their host and thrive as a pathogen.  Additional studies 

need to be conducted in order to have a comprehensive understanding of how 

Salmonella are successful pathogens, focusing on how they are able to subvert the 

immune response, particularly the T cell response. 

 During the course of evolution, Salmonella acquired numerous pathogenicity 

islands from other bacterial species by repeated events of horizontal gene transfer.  The 

pathogenicity islands are identifiable because they generally have a different GC 

content from the rest of the genome (120).  Numerous genes involved with Salmonella 

virulence are found in these pathogenicity islands, and to date there have been 12 

pathogenicity islands identified in Salmonella (19, 84).  Uniquely present in S. Typhi is 

Salmonella Pathogenicity Island (SPI)-7, which encodes the Vi capsular polysaccharide 

that is extremely immunogenic (5, 34, 57).  Vi capsule reduces recognition of S. Typhi 

by PRRs and promotes survival inside macrophages (180).  The Vi antigen of S. Typhi 

also stimulates IL-10 production, inducing an immunosuppressive environment in the 

intestinal mucosa (111).   

 The S. Typhimurium genome contains SPI-1 and SPI-2, which play important, 

but distinct, roles in helping the bacteria thrive as a pathogen (19, 84, 174).  SPI-1 and 

SPI-2 expression is regulated by S. Typhimurium’s ability to sense extracellular cues in 

the environment, and both encode TTSSs (19, 174).  TTSSs are needle-like, multi-

protein structures that can inject bacterial proteins into host cells as they span from the 

bacteria’s outer membrane to the host cell’s membrane (45). These systems function at 

well-defined phases of S. Typhimurium’s pathogenic cycle.  SPI-1 genes are mainly 

expressed when S. Typhimurium is extracellular, like in the intestinal lumen (19, 185).  
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Expression of SPI-1-encoded proteins enable S. Typhimurium to invade epithelial cells 

(19, 88).  Conversely, SPI-2 genes are primarily expressed when S. Typhimurium are 

intracellular and aid in survival and replication inside host cells, especially macrophages 

(19, 174). 

 Once S. Typhimurium attach to epithelial cells in the intestinal lumen, they inject 

(via a TTSS) the SPI-1-encoded effector proteins, SipA, SopE, SopE2, and SopB, into 

the host cytoplasm (15, 21, 125, 179).  These proteins trigger actin polymerization, 

membrane ruffling and ultimately bacterial uptake into epithelial and M cells, which are 

non-phagocytic cells (21, 125, 179).  Additional important proteins are SipB, SipC, and 

SipD, which are components of the translocon as they insert into the host cell 

membrane (125, 185).  SipB can induce apoptosis and SipC induces actin 

polymerization (125, 185).   Briefly, SopE and SopE2 are G-nucleotide exchange factors 

(GEFs) and activate Cdc42 and/or Rac1, which are key regulators of host cell actin 

polymerization; this contributes to stimulating and energizing actin polymerization (125, 

179).  Activation of Cdc42 and Rac1 leads to the recruitment and activation of WASP 

and with the Arp2/3 complex initiates actin polymerization (84).  S. Typhimurium strains 

deficient for either SopE or SopE2 exhibit only a minor reduction in cellular invasion, 

indicating some functional redundancy between the two proteins (125).  SopE works 

with SipA, which binds F actin, “stimulating actin polymerization, actin filament 

stabilization, and bundling” (179).  SopB is an inositol phosphatase (15, 125).   

 SptP halts this process, as it has a tyrosine phosphatase domain and a GTPase 

activating domain, restoring the normal cytoskeleton structure within 1-2 hours post-

injection (21, 179).  The GTPase activating domain is able to inactivate Rho GTPases, 



	   31	  

like Cdc42 and Rac1 (179).  SptP assists in generation of a permissive environment for 

bacterial growth.  Both SopE and SopE2 get ubiquinated and rapidly targeted for 

degradation, less than 30 minutes post-injection (125).  Further, it has been shown that 

there is ‘hierarchy’ in SPI-1 TTSS effector protein injection and function.  The injection 

of SipA and SopE is completed within seconds (90-120 seconds), while injection of 

SptP is completed significantly later (up to 370 seconds) (179).  The ‘injection hierarchy’ 

likely helps to circumvent functional interference between effector proteins and to 

optimize host cell manipulation (179).   

 Expression of SPI-2-encoded genes contributes to various aspects of 

intracellular survival: interfering with endocytic trafficking, avoiding NADPH oxidase-

dependent killing, altering host immune signaling, delaying apoptosis-like cell death, 

and controlling Salmonella-containing vacuole (SCV) dynamics (45, 174).  S. 

Typhimurium deficient for SPI-2 TTSS are highly attenuated, showing a requirement of 

SPI-2 TTSS for intracellular survival and replication (88).  S. Typhimurium SPI-2 

mutants fail to avert antigen presentation to T cells by infected DCs (19, 159).   

 SPI-2 gene expression is controlled by the two-component regulatory system 

SsrA/SsrB, also encoded inside the pathogenicity island (171).  S. Typhimurium 

deficient for the effector SpiA cannot assemble a TTSS secretion needle encoded by 

the SPI-2 TTSS, preventing the subsequent translocation of other effector proteins (18).  

SpiC is required to translocate other effector proteins by the SPI-2 TTSS (18).  

Additionally, SpiC obstructs vesicular trafficking in host cells, inhibiting SCV-lysosome 

fusion by targeting phosphoinositide 3-kinase (PI3K) activity (18, 19, 159).  Specifically, 

SPI-2 inhibits trafficking of inducible nitric oxide synthase (iNOS) to the SCV, thus 
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increasing S. Typhimurium survival (84).  Many of the SCVs only contain one bacterium 

and as S. Typhimurium replicates within an SCV, the vesicle divides along (40).  SPI-2 

also prevents co-localization of the SCV and NADPH oxidase (84).  SifA maintains SCV 

integrity inside macrophages and induces formation of Salmonella-induced filaments 

(Sifs) (19, 174). SseI is recruited to the SCV and affects the migration of infected 

phagocytes (45).  SseJ is an acyltransferase contributing to vacuole integrity and 

esterification of cholesterol in infected cells (45).  S. Typhimurium use SseF and SseG 

to direct SCV positioning (30, 45).  Collectively, the effector proteins encoded by SPI-2 

allow S. Typhimurium to survive inside host cells. 

 S. Typhimurium flagella contribute to their virulence.  Flagella enable S. 

Typhimurium to travel to intestinal epithelia after ingestion (34, 68).  Since flagella 

participate in early stages of infection, flagellar gene expression gets down-regulated 

once S. Typhimurium are intracellular; this topic will be discussed in more detail later (8, 

34, 68).   

 Additionally, fimbrial and non-fimbrial adhesins help S. Typhimurium to adhere, 

invade, and colonize the intestinal epithelia; furthermore, they contribute to persistence 

of the bacteria in mice (7, 164).   

 A few serovars of Salmonella contain serovar-specific virulence plasmids (34, 68, 

94).  S. Typhimurium and other medically relevant strains, generally harbor these 

plasmids (94).  In S. Typhimurium, such a plasmid contributes to rapid growth and 

survival inside the host (94).  Further, expression of plasmid-encoded genes inhibits 

cytokine production and release from infected cells, inducing an immunosuppressive 

environment (94, 101). 
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 S. Typhimurium virulence gene expression is highly regulated. Expression of 

many S. Typhimurium virulence genes is regulated by the PhoP/PhoQ two-component 

regulatory system.  This system controls the expression of more than 200 genes, and 

approximately 20% are required for virulence and stress resistance (119).  PhoQ is a 

sensor of acidic pH and antimicrobial peptides, and PhoP is the transcriptional regulator 

(119).  The PhoP/PhoQ regulon controls genes contributing to survival inside 

macrophages, importantly SPI-2 genes, and participates in structural changes of LPS, 

increasing the bacterium’s resistance to macrophage killing (84, 119).  Macrophages 

infected with PhoP- S. Typhimurium are more efficient at presenting antigens to T cells 

than macrophages infected with wild-type S. Typhimurium (178).  S. Typhimurium 

lacking a functional PhoP/PhoQ system are highly attenuated in vivo (136).   

 G. Host response to Salmonella 

 Much of what is known about immunity to Salmonellae comes from experimental 

infection of mice with S. Typhimurium.  Infection occurs when S. Typhimurium 

successfully uses its virulence factors to overcome clearance mechanisms of the host’s 

immune system.  The intestinal epithelium is the major physical barrier in the gut 

against S. Typhimurium infection, and Paneth cells produce anti-microbial peptides to 

prevent infection (84).  If S. Typhimurium penetrates host intestinal epithelia, 

transcriptional re-programming occurs, and pro-inflammatory cytokines and chemokines 

are expressed (19, 84).  These pro-inflammatory molecules recruit phagocytes (e.g., 

neutrophils, macrophages, and DCs) to the infected lamina propria (19).  These early 

responding cells help to control the initial growth and spread of S. Typhimurium (35, 

122, 142, 180).  However, S. Typhimurium dampen the inflammatory response early 
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after infection (74).  Resolution of a primary infection with S. Typhimurium is a 

synergistic effort of innate and T cell-mediated effects (35).  T cells, particularly IFN-γ-

producing CD4+ T cells, play a key role in clearing infection of S. Typhimurium (59).   

  i. The innate immune response to S. Typhimurium 

 If S. Typhimurium invade the host epithelium on their basal-lateral surface, these 

cells secrete IL-8, attracting neutrophils to the infection site (36, 37, 44, 102).  

Accordingly, at early stages of infection, neutrophils and macrophages are important for 

controlling the initial growth and systemic spread of S. Typhimurium (35, 122, 142, 180).  

Specifically, neutrophils and macrophages control S. Typhimurium growth by utilizing 

reactive oxygen and nitrogen species inside their phagosomes (44, 97).  S. 

Typhimurium may lose their flagella once the bacteria are bound to host cells, which 

may be ingested by DCs, leading to DC activation (8, 177).  Once DCs are activated, 

they produce IL-8 and MIP-1α, further recruiting neutrophils and macrophages (177).   

 Neutrophils (characteristic in NTS) produce several pro-inflammatory cytokines, 

including TNF-α and IL-1β, that recruit (innate) immune cells to the site of infection (44).  

IL-18 and IL-1β help limit S. Typhimurium replication during early stages of infection by 

stimulating IFN-γ production from NK and NKT cells (148).   IL-12 and IL-18 are 

secreted by activated macrophages, and these cytokines act independently and 

synergistically on NK, NKT, CD4+ T, and CD8+ T cells to further enhance production of 

IFN-γ; this in turn activates macrophages resulting in a positive feedback loop (35, 107, 

148).  DCs are important APCs during S. Typhimurium infection that efficiently engage 

cells of the adaptive immune response and are essential for initiating the primary 

immune response (182, 183).   



	   35	  

 Macrophage activation contributes to protective immunity against S. 

Typhimurium, and IFN-γ enhances the bactericidal mechanisms of macrophages (107).  

IL-12 production also contributes to polarization of T helper cells toward the TH1 

response, and these TH1 cells are the main source of IFN-γ later in infection and in a 

recall response (35, 107).  Since TNF-α together with IFN-γ activate macrophages and 

IL-12 is important in the T cell response, cumulatively these are important cytokines in 

resistance to wild-type S. Typhimurium infection (136).  Additionally, host production of 

iNOS can be activated after sensing microbial products or in response to cytokines (i.e. 

IL-1, TNF-α, and IFN-γ) (84). 

 Many components of the innate immune system recognize S. Typhimurium by its 

PAMPs.  The O-antigen of lipopolysaccharide (LPS) of S. Typhimurium is a PAMP 

recognized by complement component 3 (C3), which activates the alternative pathway 

of complement activation; additionally, LPS includes a lipid A moiety, which stimulates 

TLR4 (55, 157, 180).  The flagellum, an appendage responsible for motility, of S. 

Typhimurium activate TLR5 (105, 157, 180).  TLR5 is found on the basolateral surface 

of human intestinal epithelial cells and TLR4 is expressed on plasma membranes (180).  

Signaling through both TLR4 and TLR5 activates myeloid differentiation primary 

response gene 88 (MYD88), which is a common adaptor protein, to engage mitogen 

activated protein (MAP) kinase signal transduction pathways to initiate expression of 

pro-inflammatory genes (157).   

  ii. The adaptive immune response to S. Typhimurium 

 The immunity that eventually develops against S. Typhimurium requires both 

humoral and cell-mediated immune responses.  Both B and T cells contribute to the 
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adaptive immune response to S. Typhimurium; moreover, both participate in control and 

clearance of the primary infection and in protection against a secondary infection.  Much 

of what is known about the role of B and T cells in a S. Typhimurium infection was 

established by experiments where various lymphocyte populations were depleted via 

antibodies or adoptively transferred into naïve animals, or by studying S. Typhimurium 

infection in a gene-deficient mouse (107).  While these experiments have provided 

valuable insight into the dynamics of the immune response in a S. Typhimurium 

infection, they may not accurately mimic a natural infection.   

 Studies conducted in mice deficient for various components of the T cell 

response including TCR-β-/- (lacking αβ T cells); TCR-δ-/- (lacking γδ T cells); H-2l-Aβ-/- 

(MHC class II deficient, lacking CD4+ αβ T cells); and β2m-/- (MHC class I deficient, 

lacking CD8+ T cells) demonstrated that CD4+ αβ T cells play the largest role in 

resistance to S. Typhimurium infection (136).  Further, mice deficient for CD4+ or CD8+ 

T cells, B cells, or IFN-γ succumb to infection, even with attenuated strains of S. 

Typhimurium (18, 39, 75, 97, 110).   

 Importantly, immunization studies conducted in susceptible strains of mice using 

a live, attenuated strain of S. Typhimurium have shown that both humoral and adaptive 

immunity contribute to protection (59).  S. Typhimurium-specific CD4+ TH1 cells are 

crucial for the establishment of protective immunity (59).  Further, CD4+ TH1 memory 

cells, CD8+ T cells and anti-S. Typhimurium antibodies contribute to the resistance to S. 

Typhimurium challenge in immunized animals (97, 98).  Additionally, adoptively 

transferring CD4+ T cells, when compared to transfer of CD8+ T cells, from immunized 

mice into naïve hosts results in better protection when the resulting mice are challenged 
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with virulent S. Typhimurium (107).  However, depletion of either CD4+ or CD8+ T cells 

in vivo reduces the protection of immunized mice to subsequent challenge (110). 

 B cells are important in forming and establishing a T cell response to S. 

Typhimurium (97).  Additionally, B cells are vital to the expansion of S. Typhimurium-

specific memory T cells and a significant source of inflammatory cytokines, including 

IFN-γ (35, 110, 118).  The communication between T and B cells helps develop a strong 

S. Typhimurium-specific antibody response (97).  The specificity of the antibodies can 

be directed to both protein antigens and non-protein antigens, like LPS (107).   

 Furthermore, S. Typhimurium-specific immune sera can transfer protection to 

naïve mice from challenge with virulent S. Typhimurium; interestingly, neither IgA nor 

mucosal Ig are required (18, 75, 118).  B cells are essential for the quick clearance of S. 

Typhimurium in challenged mice (118).  While it has been established that B cells are 

fundamental for protective immunity (110, 118), it was recently shown that another 

important role of B cells in S. Typhimurium immunity is independent of antibody 

secretion but rather involved in the development of T cell protective immunity (118). 

 T cells are critical for effective control and eventual clearance of S. Typhimurium 

in a primary infection as well as in a secondary infection (35, 92, 107, 108, 166).  Both 

CD4+ and CD8+ T cells are required for effective clearance of S. Typhimurium, and an 

enhanced T cell response is associated with a decrease in bacterial burden (74, 92, 97, 

107).  Stimulation via CD28 results in a protective immune response through IFN-γ 

secretion and antibody production (107).  IFN-γ is an important cytokine in clearance of 

a S. Typhimurium infection and can be secreted by NK cells, macrophages, B cells, and 

T cells (107).  Additionally, antibody depletion of CD4+ T cells results in significantly 
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increased bacterial burden (74).  Indeed, these results demonstrate a clear role for 

CD4+ T cells for effectively combating a S. Typhimurium infection. 

   T cells are a major contributor in amplifying the immune response to S. 

Typhimurium infection, and T cell depletion results in a diminished inflammatory 

response (56).  In the cecal mucosa, T cells are stimulated (by macrophages and DCs) 

to produce IL-22, IL-17, and IFN-γ (56).  Even after production of IFN-γ by T cells, it 

takes a number of days to clear the S. Typhimurium infection (107).   

 Numerous studies document that S. Typhimurium infection results in a TH1 

response, illustrated by abundant IFN-γ secretion; interestingly, a few imply that 

attenuated S. Typhimurium can cause a TH2 response, illustrated by IL-4 and IgE 

production (107).  Conversely, mice deficient for IL-4 are more resistant to S. 

Typhimurium infection than wild-type control mice (107).  This suggests that production 

of IL-4 may not be protective, but instead it could hinder control of the infection (107).   

 CD8+ T cells contribute to clearance of S. Typhimurium because they are able to 

lyse infected cells, releasing the bacteria into the extracellular space, where S. 

Typhimurium become susceptible to ingestion by phagocytes (107).  CD8+ T cells 

secrete cytokines, which also contribute to S. Typhimurium clearance (107). 

 T cell responses to S. Typhimurium are not well characterized and pathogen-

derived epitopes recognized by T cells are only now being identified.  CD4+ T cells 

recognize different antigens of S. Typhimurium throughout the course of a primary 

infection (90).  During early stages of infection, CD4+ T cells, specific for FliC, secreting 

IFN-γ are observed (90).  These T cells are found in the intestinal tissues, and 

interestingly these T cells do not appear to control the bacterial colonization and are not 
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found in the spleen or liver (90).  During later stages of infection, there are even more 

CD4+ T cells secreting IFN-γ, and these T cells recognize the TTSS effectors SseI and 

SseJ and fail to detect flagellin (90).  The CD4+ T cells specific for SseJ and SseI are 

found in the systemic sites of spleen and liver (90). This correlates with S. Typhimurium 

continually changing its gene expression profile during distinct phases of infection.  This 

may be explained because once S. Typhimurium is intracellular, it no longer expresses 

flagellin and begins to up-regulate its SPI-2 TTSS (8, 17-19, 90).  Since S. Typhimurium 

continually modifies its expression profile to adapt to different environments it 

encounters, the specificity of the immune response must also evolve, though it may lag 

behind that of the bacterium, resulting in a delayed response.  

 H. Manipulation of the mammalian immune responses by Salmonella 

 In susceptible strains of mice, S. Typhimurium induce acute immunosuppression 

and delay onset of protective adaptive immune responses, yet the mechanisms of this 

immunosuppression remain largely unknown.  The bacteria are able to blunt the 

inflammatory response shortly after infection.  S. Typhimurium are able to evade killing 

by phagocytes and inhibit cell-mediated adaptive immunity; this aids in their long-term 

survival and persistence.  Additionally, it takes six weeks to clear a vaccine strain of S. 

Typhimurium and two or three months for immunological memory to form (75, 107, 

165).   

  i. Manipulation of the innate immune response 

   a. S. Typhimurium evade recognition by phagocytes 

 Following internalization by host cells, S. Typhimurium remodel the LPS on their 

surface by shortening the length of the O-antigen and changing the number of acyl 
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chains; additionally, there are changes in protein composition in both the outer and 

inner membrane during growth inside macrophages (71).  Furthermore, S. Typhimurium 

alter the composition of their peptidoglycan during intracellular growth (134), which 

allows S. Typhimurium to avoid recognition by TLR2.  S. Typhimurium swap between 

two non-allelic forms of their surface flagellin protein by genetic phase variation, 

allowing them to switch between two antigenically distinct proteins (18).   

   b. S. Typhimurium survive and replicate inside   

    phagocytes 

 S. Typhimurium survive and replicate in both macrophages and DCs (16, 137, 

155, 183). S. Typhimurium alter their gene transcription profile once inside phagocytes 

allowing them to express genes required for intracellular survival and turn off genes that 

are no longer required (18, 71).  A large number of genes, including the genes encoded 

by SPI-2, are required for S. Typhimurium to survive inside phagocytes. SPI-2 effectors 

injected into the cytoplasm of host cells prevent the fusion of the SCVs with lysosomes, 

resulting in increased intracellular bacterial survival (159, 160).  S. Typhimurium not 

only inhibit SCV fusion with lysosomes, but also inhibit lysosome biogenesis to prevent 

the generation of this degradative organelle (40, 83).  The inhibition of phagosome-

lysosome fusion and evasion of endolysosomal proteases are strategies used by S. 

Typhimurium to interfere with antigen processing and presentation by professional 

antigen presenting cells (160).  Recently, it was shown that SifA reduces the potency of 

the lysosomes by subverting the hydrolytic lysosomal enzymes while retaining 

lysosomal membrane glycoproteins in the SCV membrane, thereby attenuating 

lysosome function, which increases S. Typhimurium growth (103).  SPI-2 effectors also 
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inhibit host NADPH oxidase delivery to the SCV (51).  S. Typhimurium use the effector 

SrfH to increase phagocyte migration (18).  DCs have been described as ‘perfect Trojan 

horses’ in which S. Typhimurium can survive, move to deeper tissues, and actively 

suppress the adaptive immune response (27). 

 Additionally, S. Typhimurium mutants unable to survive within macrophages 

quickly get cleared from mice, indicating intracellular survival is important for virulence 

(148).  Intracellular S. Typhimurium are protected from reactive oxygen and nitrogen 

radicals inside macrophages (43, 171).  S. Typhimurium up-regulate arginase, the 

competing enzyme of iNOS; this removes the substrate (L-arginine) from iNOS inside 

the macrophage reducing the ability these cells to kill S. Typhimurium (84).  S. 

Typhimurium induces immunosuppression by stimulating NO production in a PhoP-

dependent manner by phagocytes and NK cells, ultimately dampening the T cell 

response (18, 93, 170).  Additionally, viable, intracellular S. Typhimurium induce iNOS 

expression and production of NO by DCs, ultimately suppressing T cell proliferation 

after antigen presentation by MHC molecules via a SPI-2-dependent mechanism (27, 

159).   

   c. S. Typhimurium kill phagocytes 

 S. Typhimurium utilize their TTSSs to actively kill phagocytes. Early studies 

demonstrated that mutants deficient for invasion genes, sipD and hilA, failed to kill 

macrophages, implicating these genes in “early and rapid cytotoxicity” of macrophages 

(61, 91, 116).  Later studies showed a requirement of the SPI-1 effector SipB, as well 

caspase-1, for S. Typhimurium-induced macrophage killing (13, 61).  Now it is accepted 

that S. Typhimurium kill macrophages by at least two separate mechanisms, activating 
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caspase-1 and caspase-2 which cooperatively induce apoptosis (61, 72, 91, 113, 115, 

116, 167).  Caspase-1 and -2 are part of the cysteine-containing aspartate-specific 

proteases, which contribute to apoptosis and secretion of pro-inflammatory cytokines 

(80, 146).  Similarly, S. Typhimurium kill DCs using the SPI-1-encoded TTSS to induce 

caspase-1 inside host cells (168).    Indeed, S. Typhimurium contribute to whether the 

host cell lives or dies, depending on the cell type and stage of infection.    

   d. S. Typhimurium inhibit antigen presentation 

 S. Typhimurium can also inhibit antigen presentation by MHC class I and class II 

molecules (133, 160).  The proteins encoded by the yej operon interfere with antigenic 

peptides being loaded on phagosomal MHC class I (133).  Mice infected with yej mutant 

S. Typhimurium have an enhanced CD8+ T cell response compared to mice infected 

with wild-type S. Typhimurium, suggesting that yej mutant S. Typhimurium may be a 

better vaccine strain (133).   

  S. Typhimurium suppress surface expression of and antigen presentation by 

MHC class II molecules via a SPI-2-dependent mechanism (27, 106, 160).  S. 

Typhimurium use their effector proteins to inhibit endosomal trafficking and lysosomal 

fusion, which reduces the expression of MHC molecules on the surface of DCs (18, 19).  

S. Typhimurium targets mature, but not immature, MHC class II from the cell surface for 

ubiquitination, thereby tagging it for proteasomal degradation (85).  Further, S. 

Typhimurium deficient for SPI-2 cannot inhibit antigen presentation by DCs to MHC 

class II-restricted T cells (27, 159).  SPI-2 contributes to decreasing the availability of 

bacterial antigens in the context of MHC molecules resulting in a poor T cell response 

(19).   
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 Furthermore, the subunit of flagellin of S. Typhimurium may be “bait” for DCs, as 

it has been suggested that flagellin is a surface protein that may also be shed or 

sheared from the bacterium (8, 104).  DCs ingest, process, and present flagellin-derived 

antigen (FliC subunit) in the context of MHC class II; this results in CD4+ T cells that 

recognize FliC peptide (8, 104).  Also contributing to this phenomenon is the fact that 

once S. Typhimurium are inside host cells, there is reduced production of flagellin 

because the bacterium no longer needs to be motile (8).  This contributes to S. 

Typhimurium evading detection by the FliC-specific CD4+ T cells. 

  ii. Manipulation of the T cell Immune response  

 A significant contribution to understanding S. Typhimurium-induced T cell 

immunosuppression was made in 2010.  Johanns et al. demonstrated that T reg cells 

have increased suppressive capabilities, by expressing Cytotoxic T-Lymphocyte 

Antigen 4 (CTLA-4), early in S. Typhimurium infection, which allows the bacteria to 

establish infection (74).  Eventually, an effective T cell response is mounted, which 

correlates with both the diminished suppressive abilities of T reg cells and decreased 

bacterial burden (74).  Further, the authors showed that depletion of T reg cells, or 

blocking CTLA-4 with antibodies, early in infection increases T cell activation allowing 

for efficient bacterial clearance (74).  CTLA-4 is a protein receptor that can dampen the 

immune response.  These results suggest that the capacity of the T reg cells to inhibit 

the T cell response dictates the dynamics of a S. Typhimurium infection from 

establishment to persistence or clearance (74).  This study provides insight into how S. 

Typhimurium inhibit the T cells response, but yet not much has been described about 

what bacterial genes are required for T cell inhibition.   
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   a. S. Typhimurium cause immunosuppresion of T cells  

 A useful tool to study how S. Typhimurium inhibit T cells involves the use of T 

cells from transgenic mice, which have a TCR specific for one antigen.  Conducting 

adoptive transfer studies using these T cells generates an ‘artificial’ setting because 

generally there is observation of this manipulated population, without characterizing the 

endogenous T cell population.  However, these studies have allowed for important, but 

limited, insights into the complex process of S. Typhimurium-induced 

immunosuppression.    

 Short exposure to a S. Typhimurium-infected environment in vivo is sufficient to 

suppress an adoptively transferred population of naïve T cells (104, 151).  In another 

study, which used adoptively transferred T cells specific for ovalbumin (OVA) peptide 

displayed by either MHC I or MHC II, there was decreased activation of these T cells 

when the peptide was expressed by S. Typhimurium as compared to a OVA peptide 

control (18, 150, 151, 159).  Increased intracellular growth of S. Typhimurium increases 

the number of CD8+ T cells, but decreases their effector function (139).  Additionally, S. 

Typhimurium eradicate adoptively transferred, antigen-specific CD4+ T cells via a SPI-2-

dependent mechanism after their expansion, during the establishment of immunological 

memory (39, 152).  The bacteria specifically target those CD4+ T cells with the highest 

avidity (39).  

 S. Typhimurium limit the in vivo proliferation of both CD4+ and CD8+ T cells, even 

though the T cells may be activated (108).  A delayed T cell response correlates with an 

increase in bacterial burden (74).  Additionally, the suppressive functions of T reg cells 



	   45	  

contribute to the overall S. Typhimurium-induced immune suppression at early time 

points (74).   

 Furthermore, there is inhibition of the CD4+ T cell responses in cultures of splenic 

cells taken from Salmonella-infected mice (38).  S. Typhimurium LPS can inhibit T cell 

function in vivo by decreasing IL-2 and TNF-α production; interestingly, this is not 

observed in uninfected mice co-injected with LPS and OVA peptide, suggesting that 

another factor also contributes to T cell inhibition (151).   

 S. Typhimurium derived inhibitor of T cell proliferation (STI) was described to be 

a potent inhibitor of T cells (3, 99, 100).  STI prevents proliferation of activated T cells as 

well as production of IL-2 and IFN-γ (99, 100). 

 Collectively, these results indicate S. Typhimurium induce a potent 

immunosuppressive environment, which leads to lymphocyte depletion, reduced 

activation, and diminished effector function, but many of the mechanisms by which S. 

Typhimurium cause immunosuppression remain largely undefined.   

   b. S. Typhimurium directly inhibit T cells 

 Previously we have shown, as have others, that S. Typhimurium are able to kill 

APCs, thereby preventing antigen presentation to T cells (13, 72, 91, 113, 115, 165, 

168).  However, when mutant S. Typhimurium (unable to kill DCs) is cultured with DCs, 

there is still no T cell proliferation (165).  This implies that S. Typhimurium-induced DC 

death alone is not responsible for the lack of T cell proliferation.  Additionally, our 

laboratory demonstrated that when T cells are stimulated through ligation of the TCR, 

the T cell proliferation that generally occurs does not happen when S. Typhimurium are 

present (Figure 5 (165)).  Furthermore, this inhibition of T cell proliferation correlates 
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with down-modulation of TCR-β, a receptor required for antigen recognition and T cell 

function (Figure 5 (166)).  We determined that a proteinaceous factor, which is present 

in the supernatant from the co-culture of T cells and S. Typhimurium, is responsible for 

T cell inhibition (165, 166).  This potentially novel inhibitor may be produced and 

secreted by S. Typhimurium or induced by S. Typhimurium but produced and secreted 

by the T cells.  The studies of this dissertation characterize the identity, origin, and 

mechanism of this inhibitory factor.  
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Figure 1 Dynamics of a primary adaptive immune response 

When a pathogen successfully gains access to its host, the immune system starts its 
response against the invader.  The first responding cells are those of the innate immune 
system.  If the innate immune system is not able to clear the pathogen, there is 
establishment of infection.  During this the process, cells of the innate immune system 
engage the lymphocytes of the adaptive immune and there is antigen-specific clonal 
expansion of these cells. As the adaptive immune system eradicates the infection, there 
is contraction of the adaptive immune.  A small population of antigen-specific 
lymphocytes persists and contributes to immunological memory.  
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Figure 2 Steps of T cell priming 

T cell priming is an important component of inducing T cell-mediated adaptive immunity.  
It includes the activation, proliferation, and differentiation of naïve T cells into effector T 
cells.  A pathogen-derived peptide is presented by an antigen presenting cell through 
either MHC class I or class II to a naïve T cell.  This engagement between the antigen 
and the T cell receptor activates the T cell.  This is the first step in T cell clonal 
expansion; activated T cells increase in size and granularity, a process known as 
blastogenesis, before proliferating (47, 95, 184).  The activated T cell can proliferate 
and differentiate into effector T cells, which recognize a specific antigen and may be 
capable of producing cytokines or directly lysing infected cells.
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Figure 3 T cells need two signals for their activation 

The first signal is stimulation of the TCR, and in this illustration also a CD4 co-receptor, 
through the binding of the cognate antigen (red circle) in the context of MHC.  The 
second signal comes from co-stimulatory molecules on the surface of the same APC; in 
this example CD28 on the surface of the naïve T cell engages B7 molecules.  The 
delivery of the second signal allows for optimal activation and proliferation of the T cell. 

Figure adapted from Janeway’s Immunobiology, 7th edition (117). 
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Figure 4 A recall response is a faster, more robust response than the initial  
  response 

When the adaptive immune response first encounters an antigen, it takes days to weeks 
to develop an antigen-specific response.  Upon subsequent re-exposure, which can be 
years later, antigen-experienced lymphocytes initiate a quicker, more robust immune 
response.  This leads to faster clearance of the pathogen. 
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Figure 5 Aspects of Salmonella-induced T cell inhibition 

S. Typhimurium are able to inhibit T cells.  Some of these mechanisms include: 1) killing 
antigen presenting cells by triggering programmed cell death and thereby inhibiting 
antigen presentation by the dendritic cells and subsequent T cell proliferation (168); 2) 
down-modulating TCR-b surface expression on T cells (166); and 3) inhibiting T cell 
proliferation (165).
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SPECIFIC AIMS 
 
 
 Salmonellae are a leading and increasing cause of worldwide morbidity and 

mortality in humans.  Infections with Salmonellae range in severity from self-limiting 

gastroenteritis to typhoid fever.  Salmonella enterica serovar Typhimurium (S. 

Typhimurium) cause gastroenteritis in humans.  In mice, S. Typhimurium cause a 

systemic infection and enteric fever (107).  Much of what is known about immunity to 

Salmonellae comes from experimental infection of mice with S. Typhimurium. 

 T cells play an important role in adaptive immunity to Salmonella.  However, T 

cell-mediated immunity to Salmonella takes months to develop and has been described 

as ‘dampened and delayed’.  Thus, a greater understanding of T cell-mediated immunity 

to Salmonella is needed to develop new and more effective interventions.  Therefore, 

we have been analyzing the role of T cells in immunity to Salmonella.   

 We previously showed that S. Typhimurium act directly on T cells to inhibit their 

proliferation and down-modulate TCR expression.  Additionally, we found that a 

proteinaceous inhibitor of T cells was secreted into the medium when T cells were co-

cultured with S. Typhimurium.  Based on these results, we sought to identify if this 

inhibitory factor was produced or induced by S. Typhimurium.  We used a genetic 

approach to identify the S. Typhimurium genes required for T cell inhibition.  This 

research characterizes the identity and function of this inhibitory factor. 
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MATERIALS AND METHODS 

 

I. Culture of bacteria 

 A. Live Salmonella enterica serovar Typhimurium 

S. Typhimurium strain 14028 (American Type Culture Collection) and isogenic, 

spontaneous nalidixic acid-resistant derivative S. Typhimurium strain IR715 (153) were 

used as WT strains.  S. Typhimurium were grown aerobically at 37ºC in Luria-Bertani 

(LB) broth or on LB agar.  

Targeted, kanamycin-resistant multi- and single-gene deletion mutants were 

constructed using the lambda red recombinase method (33), as described previously 

(141).  Multi-gene deletion mutants were designed to avoid genes known to be essential 

for growth on rich medium (unpublished resource, M. McClelland and H. Andrews-

Polymenis).  Each mutation removed a variable number of genes, depending on the 

nature of the surrounding genes.  For mouse infection experiments, mutations were 

moved from S. Typhimurium strain 14028 into S. Typhimurium strain IR715 by P22-

mediated transduction. 

To generate bacterial growth curves, S. Typhimurium were grown aerobically at 

37ºC in LB broth for 18 hours.  The resulting overnight cultures were diluted 1:100 in LB 

broth or tissue culture medium and grown aerobically at 37ºC to stationary phase (~7 

hours).  The optical density at 600 nm (OD600nm) was measured every 30 minutes. 

 B. Treated Salmonella enterica serovar Typhimurium 

Where noted, S. Typhimurium were grown aerobically at 37ºC in LB broth or on 

LB agar as above.  Prior to infection, S. Typhimurium were fixed with Fixation Buffer 
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(BioLegend) for 30 minutes and washed to remove any residual fixative.  Additionally, 

prior to infection, some S. Typhimurium were treated with chloramphenicol (100 µg/ml) 

for 2 hours.  

C. Plasmid construction and use 

Plasmids encoding STM3106 were constructed to complement the phenotype of 

ΔSTM3106 S. Typhimurium or to purify C-terminal, hexahistidine (6xHis)-tagged L-

asparaginase II from ΔSTM3106 S. Typhimurium.  The STM3106 open reading frame 

was amplified from the chromosome of S. Typhimurium strain 14028 by PCR using 

primers 5’-GCTAGCGAAGAGATATACCATGGAGTTTTTCAGGAAAACGGC-3’ and 5’-

TCTAGATTAATACTGATTGAACATCGTCTGG-3’ or 5’-

GCTAGCGAAGAGATATACCATGGAGTTTTTCAGGAAAACGGC-3’ and 5’-

TCTAGATTATTAGTGGTGGTGGTGGTGGTGATACTGATTGAACATCGTCTGG-3’, 

respectively.  Restriction sites for endonucleases NheI and XbaI were incorporated into 

the primer sequences to facilitate cloning via pCR®2.1 (Invitrogen) into expression 

plasmid pBAD18-Cm (American Type Culture Collection), immediately downstream of 

the inducible arabinose promoter.  The resulting constructs (pBAD-STM3106 and 

pBAD-STM3106His) or empty vector were introduced into ΔSTM3106 S. Typhimurium 

by electroporation.  Transformants were selected using LB agar supplemented with 

chloramphenicol (30 µg/ml).  To trans-complement the phenotype of ΔSTM3106 S. 

Typhimurium in vivo, the STM3106 open reading frame with 200 base pair upstream 

region was amplified from the chromosome of S. Typhimurium strain 14028 by PCR 

using primers 5’-GCGCGCAGCCTGAAGTAATCTTTCC-3’ and 5’-

CGCGCGTTAATACTGATTGAACATCGTCTGG-3’ and cloned into pCR®2.1.  The 



	   55	  

resulting plasmid was digested with EcoRI and a ~1.2 kb fragment was cloned into 

pWSK29 (173).  The resulting construct (pWSK29-STM3106) was introduced into 

ΔSTM3106 S. Typhimurium by electroporation.  Transformants were selected using LB 

agar supplemented with carbenicillin (100 mg/ml).  

II. Immune cell enrichment, purification and isolation 

A. T cell enrichment 

Splenocytes harvested from C57BL/6J mice were used as a source of T cells.  

Following treatment of splenocytes with ACK lysing buffer (Invitrogen) to lyse red blood 

cells, CD90.2-conjugated MACS microbeads and magnetic separation columns 

(Miltenyi Biotec) were used for the enrichment of T cells.  Enriched populations of T 

cells were suspended in RP-10 (i.e., RPMI 1640 medium (Invitrogen) supplemented 

with 10% FBS (Atlanta Biologicals), L-glutamine, HEPES, and 50 µM 2-

mercaptoethanol) and used in T cell assays. 

B. T cell purification 

All of the antibodies used in this section were from BioLegend.  Splenocytes 

harvested from C57BL/6J mice were stained in the presence of Fc block (clone 93) 

using allophycocyanin (APC)-conjugated anti-mouse CD90.2 (clone 30-H12), and/or 

peridinin chlorophyll (PerCP)-conjugated anti-mouse CD4 (clone RM4-5), and/or PE-

Cy7-conjugated anti-mouse CD8α (clone 53-6.7).  CD90.2+ cells were purified using a 

FACSAria flow cytometer (BD Biosciences).  Additionally, CD90.2+ cells that also were 

CD4+ or CD8+ were purified.  Purified populations of T cells were suspended in RP-10 

and used in T cell assays. 
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C. Macrophage isolation 

Bone marrow-derived macrophages were cultured from C57BL/6J mice and 

129X1/SvJ mice as described previously (132).  Briefly, bone marrow cells isolated from 

the femurs of C57BL/6J mice and 129X1/SvJ mice were suspended in medium (i.e., 

DMEM with high glucose (4,500 µg/ml) (Invitrogen) supplemented with 20% heat-

inactivated FBS (HyClone), 30% L-cell conditioned medium, 2 mM L-glutamine, and 1 

mM sodium pyruvate) and seeded into 100 mm diameter petri dishes at 4x106 cells per 

plate.  After 5 days of incubation at 37ºC/5% CO2, macrophages were collected and 

used for infection assays. 

III. T cell assays 

 A. Analysis of TCR-β expression 

S. Typhimurium-induced or L-asparaginase II-induced down-modulation of TCR-

β, suppression of T cell blastogenesis and inhibition of cytokine production were 

measured by flow cytometry.  Briefly, T cells were seeded at 1x105 cells per well (96-

well format) in tissue culture plates coated with 5 µg/ml of anti-CD3ε (clone 145-2C11, 

BioLegend).  T cells were cultured in the absence or presence of bacteria at a 

multiplicity of infection of ~50 or purified L-asparaginase II from either S. Typhimurium 

or E. coli (Sigma).  After 2 hours of incubation at 37ºC/5% CO2, T cells were pelleted by 

centrifugation and resuspended in medium supplemented with penicillin/streptomycin 

(200 units/ml for penicillin and 200 µg/ml for streptomycin) and gentamicin (50 µg/ml), 

killing all bacteria within two hours.  After an additional 18-20 hours of incubation at 

37ºC/5% CO2, T cells were harvested, stained and analyzed by flow cytometry.  T cells 
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treated with conditioned medium or purified L-asparaginase II were incubated for 18-20 

hours in the presence of antibiotics, as above.  

Where noted, medium was supplemented with chloramphenicol (100 µg/ml), L-

asparagine (10 mM), L-aspartate (10 mM), or L-glutamine (10 mM). 

B. Analysis of T cell proliferation 

S. Typhimurium-induced inhibition of T cell proliferation was measured by flow 

cytometry.  Briefly, T cells enriched from mouse spleens were labeled with 5 µM CFSE 

(Invitrogen) and seeded at 1x105 cells per well (96-well format) in tissue culture plates 

coated with 5 µg/ml of anti-CD3ε.  CFSE is distributed evenly among daughter cells with 

each round of cell division, resulting in a measurable reduction in cell fluorescence 

(123).  T cells were left untreated or infected with bacteria at a multiplicity of infection of 

~50.  After 2 hours of incubation at 37ºC/5% CO2, T cells were pelleted by centrifugation 

and resuspended in medium supplemented with penicillin/streptomycin (200 units/ml for 

penicillin and 200 µg/ml for streptomycin) and gentamicin (50 µg/ml).  After an additional 

3 days of incubation at 37ºC/5% CO2, T cells were harvested, stained and analyzed by 

flow cytometry. 

IV. Cell staining and analysis by flow cytometry 

 All antibodies and reagents described in this section were purchased from 

BioLegend.  Data were acquired and analyzed using a FACSCalibur or FACSAria flow 

cytometer (both BD Biosciences) with CellQuest™ Pro (BD Biosciences) or FlowJo 

(Tree Star) software.  Forward scatter (FSC) and side scatter (SSC) analysis was used 

to determine size and granularity of live cells.  
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 A. Staining surface markers 

 Routinely, cells were stained in the presence of Fc block (clone 93) using 

allophycocyanin (APC)-conjugated anti-mouse CD90.2 (clone 30-H12), phycoerythrin 

(PE)-conjugated anti-mouse CD25 (clone PC61), and fluorescein isothiocyanate (FITC)-

conjugated anti-mouse TCR-β (clone H57-597).  Live cells expressing CD90.2, CD25 

and TCR-β were identified as anti-CD3ε-stimulated T cells, unless otherwise noted.  

Additionally, cells were stained in the presence of Fc block using APC-conjugated anti-

mouse CD90.2, APC-cyanine 7 (APC-Cy7)-conjugated anti-mouse CD25, pacific blue 

(PacBlue)-conjugated anti-mouse CD69 (clone H1.2F3), peridinin chlorophyll (PerCP)-

conjugated anti-mouse CD4 (clone RM4-5), PE-Cy7-conjugated anti-mouse CD8α 

(clone 53-6.7) and FITC-conjugated anti-mouse TCR-β.  Cells analyzed directly ex vivo 

were stained in the presence of Fc block using APC-conjugated anti-mouse CD90.2, 

PE-conjugated anti-mouse CD44 (clone IM7), FITC-conjugated anti-mouse CD62L 

(clone MEL-14), PerCP-conjugated CD4 or APC-conjugated anti-mouse CD8α.  

 B. Staining intracellular cytokines 

 To detect production of intracellular cytokines, cells were cultured for 6 hours in 

the presence of the intracellular protein transport inhibitor brefeldin A, which causes 

intracellular accumulation of proteins in the rough endoplasmic reticulum or Golgi 

complexes.  Next, cells were stained as described above, fixed, permeabilized and 

stained again in the presence of Fc block using PE-conjugated anti-mouse IFN-γ (clone 

XMG1.2) or IL-2 (clone JES6-5H4).  
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 C. Analysis of T cell blastogenesis 

 Blastogenesis was calculated by determining the percentage of live cells that, in 

response to treatment with anti-CD3ε, had transformed from small lymphocytes into 

larger, more granular cells resembling blast cells, as assessed by flow cytometry. 

V. Immunodepletion of L-asparaginase II from supernatant  

 Conditioned medium (1.75 ml) from T cells cultured in the absence or presence 

of S. Typhimurium was passed through a 0.22 µm filter.  Resulting samples were 

aliquoted into 250 µl fractions that were pre-cleared using 25 µl of protein A-coupled 

sepharose beads (Sigma), with agitation.  After 1 hour of incubation at 4ºC, beads were 

pelleted by centrifugation and supernatants were collected.  Where noted, 22.5 µg of 

polyclonal rabbit anti-Escherichia coli L-asparaginase II antibody or rabbit anti-mouse 

IgG control antibody (both Abcam) was added to the precleared supernatants. L-

asparaginase II of E. coli is 96% identical to L-asparaginase II of S. Typhimurium at the 

amino acid level.  After overnight incubation at 4ºC, with rotation, 25 µl of protein A-

coupled sepharose beads were added to each sample.  After an additional 3 hours of 

incubation at 4ºC, with agitation, beads were pelleted by centrifugation and the resulting 

supernatants were used in T cell assays. 

VI. In vitro invasion assays 

A. T cell invasion assay 

Bacterial invasion of T cells was evaluated using a standard gentamicin 

protection assay.  Briefly, T cells were cultured in the absence or presence of bacteria 

as described above.  After 2 hours of incubation at 37ºC/5% CO2, T cells were pelleted 

by centrifugation and resuspended in medium supplemented with gentamicin (25 µg/ml) 
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to kill all extracellular bacteria.  After an additional hour of incubation at 37ºC/5% CO2, T 

cells were washed three times with 1 ml of PBS and lysed using 0.5 ml of Triton X-100 

(0.1%) to release intracellular bacteria.  These bacteria were enumerated by plating 

onto LB agar.  

Bacterial invasion was calculated by determining the percentage of live S. 

Typhimurium recovered from the wells.  To determine the percentage of T cells infected 

with S. Typhimurium, T cells were cultured in the absence or presence of green 

fluorescent protein-expressing S. Typhimurium as above.  After 2 hours of incubation at 

37ºC/5% CO2, T cells were pelleted by centrifugation, washed and resuspended in 

medium supplemented with gentamicin (25 µg/ml).  After an additional hour of 

incubation at 37ºC/5% CO2, T cells were harvested, stained and analyzed by flow 

cytometry. 

B. Macrophage infection assay 

Macrophage infections were performed using a standard gentamicin protection 

assay.  Briefly, bone marrow-derived macrophages or RAW264.7 macrophage-like cells 

were suspended in medium (same as IIC except that concentrations of FBS and L-cell 

conditioned medium were reduced to 10% and 15%, respectively) and seeded at 

1.5x105 cells per ml per well for the primary macrophages into a 24-well tissue culture 

plate or 2.5x105 cells per ml per well for the RAW264.7 cells.  After overnight incubation 

at 37ºC/5% CO2, the medium was replaced with 0.5 ml of fresh medium and 

macrophages were infected with bacteria at a multiplicity of infection of 1.  Upon 

addition of bacteria, the plate was centrifuged for 5 minutes at 1,000 rpm to facilitate 

bacterial contact with macrophages.  After 20 minutes of incubation at 37ºC/5% CO2, 
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the wells were washed three times with 1 ml of PBS to remove non-cell-associated 

bacteria, and fresh medium supplemented with gentamicin (25 µg/ml) was added to 

each well to kill extracellular bacteria.  This is referred to as the 0 hour time point.  After 

1, 3, 6, 9 and 24 hours of incubation at 37ºC/5% CO2, the wells were washed three 

times with 1 ml of phosphate-buffered saline (PBS), and the macrophages were lysed 

using 0.5 ml of Triton X-100 (0.1%) to release intracellular bacteria.  These bacteria 

were enumerated by plating onto LB agar.  To determine the number of cell-associated 

bacteria at the 0 hour time point, macrophages were lysed immediately following the 

washes with PBS, after which bacteria were enumerated by plating onto LB agar. 

VII. Polyacrylamide gel electrophoresis and Western blot analysis 

 Conditioned medium harvested from T cells cultured in the absence or presence 

of WT S. Typhimurium, ΔSTM3106 S. Typhimurium or L-asparaginase II was subjected 

to trichloroacetic acid precipitation for 1 hour (on ice).  The resulting samples were 

centrifuged for 15 minutes at 13,500 rpm (4ºC), after which supernatants were removed 

and pellets were washed three times with 500 µl of ice-cold acetone.  Next, samples 

were suspended in 50 µl of Laemmli sample buffer (2x), boiled for 15 minutes, 

centrifuged for 10 minutes and loaded onto an 8% SDS-polyacrylamide gel.  Following 

gel electrophoresis, proteins were transferred onto a nitrocellulose membrane using a 

Mini Trans-Blot® Electrophoretic Transfer Cell wet-transfer system (Biorad).  L-

asparaginase II was detected by Western blot using polyclonal rabbit anti-E. coli L-

asparaginase II antibody diluted 1:10,000 (Abcam), goat anti-rabbit IgG-horse radish 

peroxidase (HRP) secondary antibody (Jackson) and chemiluminescence (Biorad).  The 

chemiluminescence was detected using film. 
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Bacterial whole cell lysates were used to determine if L-asparaginase II is 

expressed under conditions used here for extracellular growth of S. Typhimurium.  

Briefly, a 1 ml aliquot of an overnight culture was subjected to centrifugation (1 minute 

at 13,500 rpm), after which supernatants were removed and bacterial pellets were 

frozen at -80ºC.  The resulting samples were thawed on ice, suspended in 50 µl of 

Laemmli sample buffer (2x), boiled for 15 minutes, centrifuged for 10 minutes at 13,000 

RPM and  loaded onto a 12% Mini-PROTEAN TGX gel (Biorad).  Following gel 

electrophoresis, proteins were transferred onto a nitrocellulose membrane as described 

above.  L-asparaginase II was detected by Western blot using polyclonal rabbit anti-E. 

coli L-asparaginase II antibody diluted 1:3,000, anti-rabbit IgG-infrared (IR) Dye 800  

secondary antibody (Rockland) and an Odyssey infrared imager (Li-COR Biosciences). 

VIII. Purification of L-asparaginase II 

 Nickel-affinity chromatography was used to purify C-terminal, 6xHis-tagged L-

asparaginase II from E. coli strain LMG194 (Invitrogen) carrying plasmid pBAD-

STM3106His.  Briefly, bacteria were grown in Terrific Broth supplemented with 

chloramphenicol (34 µg/ml) until the OD600 reached 1.0, when L-arabinose was added 

to the culture at a final concentration of 0.1% (w/v) to induce expression of 6xHis-tagged 

L-asparaginase II.  After 20 hours of induction, bacteria were pelleted by centrifugation 

and the supernatant was harvested and stored at 4°C.  The supernatant was diluted 1:1 

with water and applied onto a 5 ml HisTrap FF column (GE Healthcare) equilibrated with 

20 mM Tris (pH=8), 500 mM NaCl and 20 mM imidazole (buffer A).  The column was 

washed with 100 ml of buffer A, and 6xHis-tagged L-asparaginase II was eluted from 

the column using a linear gradient over 100 ml of buffer A containing an additional 480 
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mM imidazole, collecting 2.5 ml fractions.  Fractions containing 6xHis-tagged L-

asparaginase II were pooled, concentrated using a 50 kDa cut-off Vivacell 70 unit 

(Vivapure) and applied to a S-200 26/60 column (GE Healthcare) equilibrated with PBS.  

Fractions containing 6xHis-tagged L-asparaginase II were pooled, concentrated and 

applied three times onto a 1 ml EndoTrap Blue column (Hyglos) using PBS 

supplemented with 100 µM of CaCl2 as the equilibration buffer and the supplied buffer 

for regeneration.  A Superdex 10/300GL 200 column (GE Healthcare) was used at each 

step to ensure the protein remained in a tetrameric structure. Endotoxin concentrations 

were determined with Limulus amebocyte lysate gel clot assays (Associates of Cape 

Cod).  Buffers were either purchased as certified endotoxin-free or tested prior to use 

with gel clot assays to ensure that endotoxin levels were below 0.12 EU/ml (detection 

limit).  Prior to use, columns and chromatography equipment were soaked in 1 N NaOH 

and tested to ensure that endotoxin levels were below 0.12 EU/ml. 

IX. Mouse experiments  

 The Institutional Animal Care and Use Committee at Stony Brook University 

approved all animal studies. 

 A. Primary infection 

 Survival assays and organ burden assays were performed using 8 to 10 week-

old C57BL/6J and 129X1/SvJ mice (The Jackson Laboratory).  These strains of mice 

have been used as model hosts to study acute and persistent infections with 

Salmonellae, respectively (162).  Mice were inoculated intragastrically with either WT S. 

Typhimurium strain IR715 or isogenic, ΔSTM3106 S. Typhimurium [5x105 CFU for 

C57BL/6J mice and 5x107 CFU for 129X1/SvJ mice] suspended in 0.1 ml of PBS.  Mice 
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were monitored for survival and were euthanized when moribund, or at the termination 

of the experiment (30 days and 60 days after infection for C57BL/6J mice and 

129X1/SvJ mice, respectively).  At various times after infection, target organs were 

harvested from 129X1/SvJ and homogenized by stomacher or MACS gentle-

dissociator.  The bacterial burden per gram of tissue was quantified by plating for CFU 

on LB agar containing nalidixic acid (50 µg/ml) or kanamycin (60 µg/ml). 

 B. In vivo complementation of ΔSTM3106 

 F1 (C57BL/6J x 129X1/SvJ) hybrid mice were used to determine whether the 

presence of STM3106 in trans complemented the colonization defect of ΔSTM3106 S. 

Typhimurium in liver because 129X1/SvJ mice were not commercially available in a 

timely fashion. To minimize concerns about plasmid loss over time, mice were 

inoculated intravenously with 5x103 CFU of WT S. Typhimurium strain IR715, isogenic 

ΔSTM3106 S. Typhimurium or isogenic ΔSTM3106 S. Typhimurium carrying plasmid 

pWSK29-STM3106, and bacterial loads per liver were determined after 10 days of 

infection.  Ten-fold serial dilutions of the inoculum were plated on LB agar to determine 

the inoculum titer.  At day 11 post infection, target organs were harvested from F1 

(C57BL/6J x 129X1/SvJ) hybrid mice and the bacterial burden per gram of tissue was 

quantified by plating for CFU on LB agar containing nalidixic acid (50 µg/ml), kanamycin 

(60 µg/ml) or carbenicillin (100 µg/ml).  

 C. Challenge experiments 

Immunization studies were performed using 8 to 10 week-old C57BL/6J mice.  

C57BL/6J mice were immunized intragastrically with approximately 5x108 CFU of the 

prototypical, live-attenuated S. Typhimurium vaccine strain CL1509 (14028 aroA-) (38, 
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79, 108).  Ninety days after immunization mice were challenged with about 1x107 CFU 

of IR715 or isogenic ∆STM3106 S. Typhimurium.  At various times after infection, target 

organs were harvested and homogenized using the MACS gentle-dissociator.  The 

bacterial burden per gram of tissue was quantified by plating for CFU on LB agar 

containing nalidixic acid (50 µg/ml) or kanamycin (60 µg/ml).  Mice from each group 

were euthanized at 3, 5, 7, and 11 days post-challenge. The T cells were harvested and 

analyzed from each of the organs as above.   

X. Statistical analysis 

 Statistical analysis on survival assays and organ burden assays was performed 

using Log-rank Test and one-tailed, nonparametric Mann-Whitney Test or two-way 

ANOVA, respectively.  Statistical analysis on all other assays was performed using a 

two-tailed paired t-test (invasion assay) or Repeated Measures (randomized-block) one-

way ANOVA with Bonferroni’s Multiple Comparison Post Test, comparing selected pairs 

of columns.  Statistical analysis was performed using Prism 5.0b (GraphPad Software). 

P values of less than 0.05 were considered to be statistically significant.  Asterisks 

indicate statistically significant differences: *** P<0.001, ** P<0.01, * P<0.05. 
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RESULTS 

 

I. Characterization of S. Typhimurium-induced T cell inhibition in vitro 

 A. Only viable S. Typhimurium and those capable of synthesizing new  

  proteins inhibit T cells, but not by invasion 

  i. S. Typhimurium inhibit purified T cells  

 As we previously described, S. Typhimurium have a direct, inhibitory effect on T 

cells (165, 166).  Specifically, S. Typhimurium-induced inhibition of T cell proliferation 

correlates with down-modulation of TCR-β, a receptor required for antigen recognition 

and T cell function (165, 166).  In these studies, we used enriched T cells in our 

inhibition assays (166).  This mechanism of selection is not 100% efficient (data not 

shown).  Hence, we wanted to determine if the small percentage of non-T cells could 

contribute to T cell inhibition (18).   

 Cells expressing high levels of CD90.2, a pan-T cell marker, were selected using 

a FACS Aria.  The resulting FACS-purified T cells (>99% pure) were cultured in the 

absence or presence of wild-type S. Typhimurium.  Importantly, after 20 hours of 

incubation, S. Typhimurium down-modulated expression of TCR-β on purified T cells, 

indicating S. Typhimurium is indeed causing T cell inhibition (Figure 6A).     

 Since it has been shown that both CD4+ and CD8+ T cells contribute to the 

effective clearance of S. Typhimurium, we wanted to examine whether S. Typhimurium 

is able to effectively inhibit both T cell subsets (107).  FACS-purified CD4+ T cells or 

CD8+ T cells were cultured in the absence or presence of wild-type S. Typhimurium, as 

above.  Similar to the purified total T cell population, after 20 hours of incubation, both 
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CD4+ and CD8+ T cells displayed significantly less surface expression of TCR-β after 

culture with S. Typhimurium (Figures 6B and 6C).  Collectively, these results 

demonstrate that S. Typhimurium are responsible for T cell inhibition and can suppress 

both CD4+ and CD8+ T cells. 

  ii. Viable S. Typhimurium down-modulate T cell receptor   

   expression and suppress T cell blastogenesis 

 We next examined if S. Typhimurium were actively suppressing the T cell 

response.  If the bacteria actively cause inhibition, it is likely that S. Typhimurium have 

to be alive.  To determine if down-modulation of TCR-β by S. Typhimurium requires 

viable microorganisms, T cells were left uninfected or cultured with live or 

formaldehyde-fixed S. Typhimurium.  After 20 hours of incubation, T cells cultured with 

viable S. Typhimurium expressed significantly less surface TCR-β than T cells left 

uninfected (Figures 7A and 7B).  In contrast, T cells cultured with formaldehyde-fixed S. 

Typhimurium expressed levels of surface TCR-β that were similar to the levels 

expressed by T cells left uninfected (Figures 7A and 7B).   

 As part of their activation process, T cells increase in size and granularity, a 

process known as blastogenesis, before proliferating (47, 95, 184).  To evaluate various 

aspects of S. Typhimurium-induced T cell inhibition, we evaluated if T cell blastogenesis 

is inhibited by culture with viable S. Typhimurium.  Indeed, blastogenesis of T cells 

cultured with viable S. Typhimurium was significantly reduced when compared to 

blastogenesis of uninfected T cells or T cells cultured with formaldehyde-fixed S. 

Typhimurium (Figures 7C and 7D).  Blastogenesis was calculated by determining the 

percentage of live cells that, in response to treatment with anti-CD3ε, had transformed 



	   68	  

from small lymphocytes into the larger, more granular cells. Together, these results and 

prior observations from our laboratory indicate that S. Typhimurium have to be alive to 

inhibit T cells (165, 166). 

  iii. S. Typhimurium capable of synthesizing new proteins down- 

   modulate T cell receptor  expression and suppress T cell  

   blastogenesis 

 Given that S. Typhimurium have to be alive to inhibit T cells, we next wanted to 

establish if the bacteria also have to be capable of synthesizing new proteins to cause T 

cell inhibition.  To determine if new protein synthesis by S. Typhimurium is required for 

down-modulation of TCR-β, S. Typhimurium were pre-treated for 2 hours with 

chloramphenicol prior to infection, and 100 µg/ml chlorampenicol remained in the 

medium throughout the course of the infection to prevent any bacterial protein 

synthesis.  After 20 hours of incubation, T cells cultured with chloramphenicol-treated S. 

Typhimurium expressed levels of surface TCR-β similar to the levels expressed by 

uninfected T cells (Figures 8A and 8B). Additionally, blastogenesis of T cells cultured 

with S. Typhimurium was significantly increased when chloramphenicol was present 

(Figures 8C and 8D).  Thus, S. Typhimurium must be viable and able to synthesize new 

proteins to down-modulate TCR-β expression and suppress T cell blastogenesis. 

 B. STM3106 is required for S. Typhimurium to inhibit T cells 

  i a. STM3106 is required for S. Typhimurium to down-modulate T  

   cell receptor expression, suppress T cell blastogenesis and  

   block cytokine production 
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 Given that S. Typhimurium must be alive and able to synthesize new proteins to 

suppress the T cell response, we wanted to identify the bacterial genes required for 

inhibition of T cells.   In earlier studies, we took a targeted approach and tested S. 

Typhimurium mutants deficient for genes that contribute to pathogenesis or have been 

shown to cause immunosuppression.  These include invA (SPI-1 TTSS), spiB (SPI-2 

TTSS), invA and spiB (SPI-1 and SPI-2 TTSS), phoP, sti, or S. Typhimurium cured of 

the virulence plasmid and determined that none of these were required for T cell 

inhibition (166).  Here, we looked at S. Typhimurium deficient for fliC, since FliC-specific 

CD4+ T cells have been studied extensively during S. Typhimurium infection, and 

analyzed its ability to inhibit T cells.  S. Typhimurium deficient for fliC, an important 

component of flagellin, down-modulate TCR-β (Figure 9).   

 Next, we took a randomized, genetic approach.  A library of 156 mutants 

(generous gift from the McClelland and Andrews-Polymenis groups) was screened to 

characterize any mutants that would be unable to down-modulate TCR-β surface 

expression. Each mutant in this library carries a targeted deletion of multiple linked, 

non-essential genes (a total of ~1,700 genes are deleted in the library). One mutant, 

ΔSTM3104-7, completely failed to down-modulate TCR-β (Figure 10A). To identify the 

gene(s) deleted in this mutant required for S. Typhimurium to down-modulate TCR-β, 

strains with targeted deletions of STM3104, STM3105, STM3106 or STM3107 were 

generated and tested for their ability to cause T cell inhibition (Figures 10B and 10C). 

Only ΔSTM3106 S. Typhimurium were unable to down-modulate TCR-β (Figure 10C). 

The presence of STM3106 in trans, but not the empty vector control, complemented the 

phenotype of ΔSTM3106 S. Typhimurium (Figures 11A and 11B).   
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 We next explored if STM3106 contributed to other aspects of T cell inhibition, 

such as suppression of T cell blastogenesis and inhibition of cytokine production.  

Indeed, S. Typhimurium lacking STM3106 also failed to suppress T cell blastogenesis 

when compared to wild-type bacteria (Figures 11C and 11D).  As previously reported by 

our laboratory, wild-type S. Typhimurium inhibited the ability of T cells to produce 

protective cytokines, such as interferon (IFN)-γ (Figure 12A and 12B) and interleukin 

(IL)-2 (Figures 12C and 12D) (165, 166).  Using multiparametric flow cytometry, we 

determined that T cells expressing low levels of TCR-β on their surface were the same 

T cells that also contained low amounts of intracellular cytokines.  Importantly, 

ΔSTM3106 S. Typhimurium were no longer able to inhibit production of interferon (IFN)-

γ and interleukin (IL)-2, resembling uninfected T cells (Figures 12A-D).   

  i b. STM3106 is required for S. Typhimurium to inhibit T cell   

   proliferation  

To determine if STM3106 is required for S. Typhimurium to inhibit T cell 

proliferation, T cells were labeled with carboxyfluorescein succinimidyl ester (CFSE) 

and cultured with wild-type (WT) or ΔSTM3106 S. Typhimurium.  After 3 days of 

incubation, T cells cultured with WT S. Typhimurium had not proliferated in response to 

stimulus (Figures 13A and 13B).  In contrast, T cells cultured with ΔSTM3106 S. 

Typhimurium, like T cells left uninfected, had proliferated extensively (Figures 13A and 

13B).  Collectively, these results demonstrate that STM3106 is required for S. 

Typhimurium to down-modulate TCR-β expression, suppress T cell blastogenesis, block 

cytokine production, and inhibit T cell proliferation. 
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 ii a. Comprehensive analysis of the population of T cells inhibited  

   by S. Typhimurium 

 We wanted to further analyze the inhibited T cell population.  We previously 

reported that S. Typhimurium were only able to inhibit activated CD25+ T cells, but not 

resting T cells (166).  Here, we looked at CD69+ T cells, an additional T cell activation 

marker, and analyzed the ability of S. Typhimurium to cause inhibition (184).  In fact, we 

did find that wild-type S. Typhimurium, but not ΔSTM3106 S. Typhimurium, are able to 

down-modulate TCR-β on CD69+ T cells (Figures 14A and 14B) and inhibit their 

cytokine production (Figures 15A-D).   

  ii b. STM3106 is required to inhibit both CD4+ and CD8+ T cells  

 As described above, we determined that S. Typhimurium inhibit both CD4+ and 

CD8+ T cells (Figures 6B and 6C).  We next wanted to identify if STM3106 contributed 

to both their inhibition.  Using multiparametric flow cytometry, we examined both CD4+ T 

cells and CD8+ T cells in the context of expressing the different activation markers CD25 

and CD69.  We found that S. Typhimurium inhibits all CD25+ CD4+ T cells and CD25+ 

CD8+ T cells as well as CD69+ CD4+ T cells and CD69+ CD8+ T cells and that STM3106 

is required for inhibition (Figures 16A-D).   

 C. S. Typhimurium likely do not invade T cells to cause T cell inhibition 

 Considering S. Typhimurium are actively suppressing the T cell response, we 

wanted to evaluate if bacterial association or invasion is required for T cell inhibition. S. 

Typhimurium invasion of T cells was determined using a standard gentamicin protection 

assay.   
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 Briefly, T cells were cultured in the absence or presence of green fluorescent 

protein-expressing S. Typhimurium.  After all the extracellular bacteria were killed, the T 

cells were harvested, stained, and analyzed by flow cytometry.  After infection with 

GFP-expressing bacteria, approximately 0.1% of T cells were GFP+, only slightly 

greater than uninfected T cells, where 0.02% of T cells were GFP+ (Figure 17A).  Thus, 

it is unlikely that S. Typhimurium associate or invade with T cells to cause inhibition. 

 Furthermore, we compared the ability of ΔSTM3106 S. Typhimurium to invade T 

cells that of wild-type S. Typhimurium using a CFU assay.  We determined that neither 

wild-type S. Typhimurium nor ΔSTM3106 S. Typhimurium efficiently invade T cells 

(Figure 17B).   

 D. S. Typhimurium deficient for STM3106 do not have a generalized  

  growth defect 

 It was plausible that ΔSTM3106 S. Typhimurium fail to inhibit T cells because 

they have a general growth defect.  We conducted growth curve experiments in 

bacterial culture medium as well as in RP-10 tissue culture medium.  S. Typhimurium 

lacking STM3106 grew normally in both media (Figures 18A and 18B).  Additionally, we 

saw equal survival of both bacterial strains inside 129X1/SvJ and C57BL/6J bone-

marrow-derived macrophages as well as inside RAW264.7 macrophage-like cells 

(Figures 19A-C).   Cumulatively, these findings indicate that ΔSTM3106 S. Typhimurium 

do not have a generalized growth defect. 

 E. L-asparaginase II encoded by STM3106 is necessary and sufficient to 

  cause inhibition of T cells 
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  i. L-asparaginase II encoded by STM3106 is necessary for T cell  

   inhibition 

 STM3106 (ansB) encodes L-asparaginase II, an extracytoplasmic enzyme that 

catalyzes the hydrolysis of L-asparagine to L-aspartic acid and ammonia (Figure 20A).  

We showed previously that a proteinaceous factor capable of down-modulating TCR-β 

was present in medium harvested from T cells cultured with S. Typhimurium (166).  To 

identify if this inhibitory factor could be L-asparaginase II produced by S. Typhimurium, 

medium harvested from T cells cultured with S. Typhimurium was subjected to Western 

blot analysis.  The presence of L-asparaginase II in medium could not be detected, 

even if the supernatant was concentrated 100X (data not shown and Figure 21A). 

However, L-asparaginase II production was observed under the bacterial growth 

conditions used (Figure 21B).   

 Simultaneously, we were conducting immunodepletion experiments on the 

supernatants from the co-culture of S. Typhimurium and T cells.  Intriguingly, the 

capacity of the medium to down-modulate TCR-β was lost when L-asparaginase II-

specific antibody was used in these experiments (Figure 20B).  In contrast, the capacity 

of the medium to down-modulate TCR-β was retained when control antibody or no 

antibody was used (Figure 20B).  Hence, L-asparaginase II is necessary for S. 

Typhimurium to cause down-modulation of TCR-β. 

  ii. L-asparaginase II encoded by STM3106 is sufficient for T cell  

   inhibition 

To determine if L-asparaginase II of S. Typhimurium is sufficient to cause down-

modulation of TCR-β, T cells were treated with purified L-asparaginase II. After 20 hours 
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of incubation, T cells treated with purified L-asparaginase II expressed significantly less 

surface TCR-β than T cells left untreated (Figure 22A).  Furthermore, T cells treated 

with purified L-asparaginase II expressed levels of surface TCR-β that were comparable 

to the levels expressed by T cells cultured with wild-type S. Typhimurium (Figure 22A).  

This again was observed for both CD4+ and CD8+ T cells (Figures 22B and 22C).  T 

cells treated with purified L-asparaginase II also expressed significantly less intracellular 

IFN-γ and IL-2 than T cells left untreated (Figures 22D and 22E).  Thus, L-asparaginase 

II of S. Typhimurium is sufficient to cause inhibition of T cells. 

  iii. L-asparaginase II-mediated depletion of L-asparagine   

   contributes to T cell inhibition 

 To find out if depletion of L-asparaginase II substrate is responsible for S. 

Typhimurium-induced inhibition of T cells, L-asparagine was added to T cells cultured 

with S. Typhimurium.  Exogenous L-asparagine, but not L-aspartate or L-glutamine, 

prevented S. Typhimurium-induced down-modulation of TCR-β (Figure 23).  

Furthermore, culturing uninfected T cells in excess of these amino acids, as well as in 

the presence of ammonia, did not affect TCR-β expression (Figure 23 and A. Torres 

Gersch and A. van der Velden, unpublished data).  Additional experiments conducted in 

our laboratory, demonstrated that when uninfected T cells were cultured in medium 

lacking L-asparagine, they expressed levels of TCR-β similar to T cells cultured in the 

presence of S. Typhimurium in rich medium (A. Torres Gersch and A. van der Velden, 

unpublished data).  Further, we showed that a mutation in the catalytic site of the 

purified L-asparaginase II enzyme resulted in the failure to down-modulate TCR-β, block 

cytokine production, and inhibit T cell proliferation (A. Torres Gersch, A. Kullas, and A. 
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van der Velden, unpublished data).  Collectively, these results suggest that L-

asparaginase II-mediated depletion of L-asparagine contributes to S. Typhimurium-

induced T cell inhibition. 

  iv. T cell inhibition is specific to L-asparaginase II 

 S. Typhimurium encodes both an L-asparaginase I and L-asparaginase II.  Since 

both enzymes have the same function (though L-asparaginase I is a low-affinity, 

cytoplasmic enzyme) we tested the ability of S. Typhimurium deficient for L-

asparaginase I to down-modulate TCR-β.  Only S. Typhimurium lacking L-asparaginase 

II, but not L-asparaginase I, failed to cause T cell inhibition (Figure 24). 

 Additionally, we tested if L-glutaminase would be sufficient to cause T cell 

inhibition.  Purified L-glutaminase was added at the same concentration as L-

asparaginase II as well as 10-fold higher concentration to uninfected T cells.  After 20 

hours, only T cells that were treated with L-asparaginase II showed lower levels of TCR-

β (Figure 25). 

  v. Regulation of L-asparaginase II 

 We next wanted to gain insight into the regulation of L-asparaginase II in S. 

Typhimurium.  We again took a genetic approach. We screened a select panel of 

targeted deletion mutants of known virulence regulators and found that none appeared 

to contribute to L-asparaginase II-mediated T cell inhibition (Figure 26).  We also took a 

random approach and screened a transposon-insertion library (generous gift from the 

Bäumler and Tsolis groups).  Here, we found one potential mutant of interest; an 

insertion in tufB, encoding an elongation factor thermo unstable (EF-Tu), produced an 

intermediate phenotype (Figure 27).  Studies in other organisms have shown that their 
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respective EF-Tu interact with their host and immune cells.  Mycoplasma pneumonia 

EF-Tu binds fibronectin; the authors speculate that surface localization of EF-Tu 

provides M. pneumonia a distinct mechanism to colonize tissues and gain access to 

intracellular niches (32).  Lactobacillus johnsonii mediates its attachment to human 

intestinal cells and mucins through EF-Tu (58).  Interestingly, it has been described that 

Pseudomonas aeruginosa evades human complement attack by using EF-Tu to bind 

complement regulator Factor H and plasminogen (82).  Indeed it is intriguing to think 

that EF-Tu can function beyond its canonical role in bacterial protein synthesis and 

participate in bacterial binding to host cells and immune evasion. 

 More multi-gene deletions were generated and screened for their ability to cause 

TCR-β down-modulation.  Subsequently, we found that dsbA appears to contribute to T 

cell inhibition by a L-asparaginase II-dependent mechanism (P. McLaughlin and A. van 

der Velden, unpublished data).  These are exciting preliminary results, and more work 

needs to be done to further understand the regulation of L-asparaginase II. 

 F. Summary of L-asparaginase II-mediated T cell inhibition in vitro 

 As summarized in Figure 28, we report that S. Typhimurium use L-asparaginase 

II to inhibit the response of T cells.  Further, we show that production of L-asparaginase 

II by S. Typhimurium is both necessary and sufficient to cause inhibition of T cells.  An 

immediate implication of our results is that production of L-asparaginase II by S. 

Typhimurium causes depletion of exogenous L-asparagine, leading to down-modulation 

of TCR-β expression, suppression of T cell blastogenesis, blockade of cytokine 

production, and, ultimately, inhibition of T cell proliferation.  
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Figure 6 S. Typhimurium down-modulate T cell receptor expression on   
  purified CD4+ and CD8+ T cells 

(A) Expression of surface TCR-β by CD90.2+CD25+ T cells left uninfected (UI) or 
cultured with S. Typhimurium (STm), P=0.0004.  (B) Expression of TCR-β by 
CD90.2+CD25+ T cells (Total T cells) left UI or cultured with STm; or by 
CD90.2+CD4+CD25+ T cells (CD4+T cells) left UI or cultured with STm, P=0.0002.  (C) 
Expression of TCR-β by CD90.2+CD25+ T cells (Total T cells) left UI or cultured with 
STm; or by CD90.2+CD8+CD25+ T cells (CD8+T cells) left UI or cultured with STm, 
P=0.0008.  Data show mean with SEM from at least three independent experiments.
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Figure 7 Only viable S. Typhimurium are able to down-modulate T cell   
  receptor expression and suppress T cell blastogenesis  

(A and B) Expression of surface TCR-β by CD25+ T cells left uninfected (UI, grey in 
histograms) or cultured with viable S. Typhimurium (STm) or formaldehyde-fixed S. 
Typhimurium (Fixed STm), P=0.0002.  (C and D) Blastogenesis of CD25+ T cells 
treated as in (A), P=0.0054.  Data are representative of (A and C) or show mean with 
SEM (B and D) from at least three independent experiments.
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Figure 8 Only S. Typhimurium capable of synthesizing new proteins are able  
  to down-modulate T cell receptor expression and suppress T cell  
  blastogenesis 

(A and B) Expression of surface TCR-β by CD25+ T cells left uninfected (UI, grey in 
histograms) or cultured with untreated S. Typhimurium (STm) or chloramphenicol-
treated S. Typhimurium (Cm-treated STm), P<0.0001. (C and D) Blastogenesis of 
CD25+ T cells treated as in (A), P=0.0004.  Data are representative of (A and C) or 
show mean with SEM (B and D) from at least three independent experiments. 
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Figure 9 S. Typhimurium deficient for fliC down-modulate T cell receptor  
  expression 

Expression of surface TCR-β by CD25+ T cells left uninfected (UI), or cultured with wild-
type S. Typhimurium (WT), or cultured with S. Typhimurium deficient for fliC (∆FliC).  
There was not a statistical difference in TCR-β expression on T cells cultured with WT 
S. Typhimurium or ∆fliC S. Typhimurium.  Data show mean with SEM from at least three 
independent experiments. 
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Figure 10 STM3106 is required for S. Typhimurium to down-modulate T cell  
  receptor expression 

(A) Expression of surface TCR-β by CD25+ T cells left uninfected (UI) or cultured with 
either WT or ΔSTM3104-7 S. Typhimurium, P<0.0001. (B) Genetic organization of the 
chromosomal region deleted in ΔSTM3104-7 S. Typhimurium. (C) Expression of surface 
TCR-β by CD25+ T cells left UI or cultured with WT, ΔSTM3104, ΔSTM3105, ΔSTM3106 
or ΔSTM3107 S. Typhimurium, P<0.0001. Data show mean with SEM from at least 
three independent experiments.
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Figure 11 STM3106 is required for S. Typhimurium to down-modulate T cell  
  receptor expression and suppress T cell blastogenesis 

(A and B) Expression of surface TCR-β by CD25+ T cells left UI (grey in histograms) or 
cultured with WT S. Typhimurium, ΔSTM3106 S. Typhimurium, ΔSTM3106 S. 
Typhimurium carrying plasmid pBAD18-Cm (ΔSTM3106/pBAD) or ΔSTM3106 S. 
Typhimurium carrying a derivative of pBAD18-Cm encoding STM3106 
(ΔSTM3106/pBAD-STM3106), P<0.0001.  (C and D) Blastogenesis of CD25+ T cells 
treated as in (A), P<0.0001.  Data are representative of (A and C) or show mean with 
SEM (B and D) from at least three independent experiments. 
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Figure 12 STM3106 is required for S. Typhimurium to block cytokine   
  production in T cells 

(A and B) Expression of intracellular IFN-γ by CD25+ T cells left UI or cultured with WT 
S. Typhimurium, ΔSTM3106 S. Typhimurium, ΔSTM3106 S. Typhimurium carrying 
plasmid pBAD18-Cm (ΔSTM3106/pBAD) or ΔSTM3106 S. Typhimurium carrying a 
derivative of pBAD18-Cm encoding STM3106 (ΔSTM3106/pBAD-STM3106), P<0.0001. 
(C and D) Expression of intracellular IL-2 by CD25+ T cells treated as in (A), P=0.0001.  
Data are representative of (A and C) or show mean with SEM (B and D) from at least 
three independent experiments. 
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Figure 13 STM3106 is required for S. Typhimurium inhibit T cell proliferation 

(A and B) Proliferation of CFSE-labeled T cells left UI or cultured with WT or 
ΔSTM3106 S. Typhimurium, P=0.0021. Data are representative of (A) or show mean 
with SEM (B) from at least three independent experiments.   
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Figure 14 STM3106 is required for S. Typhimurium to down-modulate T cell  
  receptor expression on CD69+ T cells 

(A and B) Expression of surface TCR-β by CD69+ T cells left UI (grey in histograms) or 
cultured with WT S. Typhimurium, ΔSTM3106 S. Typhimurium, ΔSTM3106 S. 
Typhimurium carrying plasmid pBAD18-Cm (ΔSTM3106/pBAD) or ΔSTM3106 S. 
Typhimurium carrying a derivative of pBAD18-Cm encoding STM3106 
(ΔSTM3106/pBAD-STM3106), P<0.0001.  Data are representative of (A) or show mean 
with SEM (B) from at least three independent experiments.   
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Figure 15 STM3106 is required for S. Typhimurium to inhibit cytokine   
  production of CD69+ T cells 

(A and B) Expression of intracellular IFN-γ by CD69+ T cells left UI  or cultured with WT 
S. Typhimurium, ΔSTM3106 S. Typhimurium, ΔSTM3106 S. Typhimurium carrying 
plasmid pBAD18-Cm (ΔSTM3106/pBAD) or ΔSTM3106 S. Typhimurium carrying a 
derivative of pBAD18-Cm encoding STM3106 (ΔSTM3106/pBAD-STM3106), P<0.0001.  
(C and D) Expression of intracellular IL-2 by CD69+ T cells left UI or treated as in (A), 
P=0.0002. Data are representative of (A and C) or show mean with SEM (B and D) from 
at least three independent experiments.   
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Figure 16 STM3106 is required to inhibit both CD4+ and CD8+ T cells 

(A and B) Expression of surface TCR-β by CD4+ (A) or CD8+ (B) CD25+ T cells left 
uninfected (UI) or cultured with WT S. Typhimurium, ΔSTM3106 S. Typhimurium, 
ΔSTM3106 S. Typhimurium carrying plasmid pBAD18-Cm (ΔSTM3106/pBAD) or 
ΔSTM3106 S. Typhimurium carrying a derivative of pBAD18-Cm encoding STM3106 
(ΔSTM3106/pBAD-STM3106), P<0.0001 for both CD4+ and CD8+ T cells. (C and D) 
Expression of surface TCR-β by CD4+ (C) or CD8+ (D) CD69+ T cells left uninfected or 
treated as in (A), P<0.0001 for CD4+ and P=0.0061 for CD8+ T cells.  Data show mean 
with SEM from at least three independent experiments. 
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Figure 17 S. Typhimurium likely do not invade T cells to cause T cell inhibition 

(A) Detection of green fluorescent protein (GFP) associated with T cells left uninfected 
(UI) or cultured with WT S. Typhimurium expressing GFP.  (B) Invasion of T cells by WT 
or ΔSTM3106 S. Typhimurium as assessed by a CFU assay, P=0.3774.  Differences (A 
and B) were not statistically significant.  Data are representative of (A) or show mean 
with SEM (B) from at least three independent experiments.   
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Figure 18 ∆STM3106 S. Typhimurium do not have a general growth defect 

(A) Growth of WT (squares) and ΔSTM3106 (triangles) S. Typhimurium in LB broth.   
(B) Growth of WT (squares) and ΔSTM3106 (triangles) S. Typhimurium in tissue culture 
medium.  Data are representative of at least three independent experiments. 
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Figure 19 ∆STM3106 S. Typhimurium survive similarly to wild-type S.   
  Typhimurium inside macrophages 

(A) Survival and growth of WT (squares) and ΔSTM3106 (triangles) S. Typhimurium 
inside bone marrow-derived macrophages cultured from 129X1/SvJ mice. (B) Survival 
and growth of WT (squares) and ΔSTM3106 (triangles) S. Typhimurium inside bone 
marrow-derived macrophages cultured from C57BL/6J mice. (C) Survival and growth of 
WT (squares) and ΔSTM3106 (triangles) S. Typhimurium inside RAW264.7 
macrophage-like cells.  Data are representative of at least three experiments. 
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Figure 20 L-asparaginase II encoded by STM3106 is necessary to cause down- 
  modulation of the T cell receptor 

(A) STM3106 encodes L-asparaginase II (L-Asnase II), an extracytoplasmic enzyme 
that catalyzes the hydrolysis of L-asparagine to L-aspartic acid and ammonia. (B) 
Expression of surface TCR-β by CD25+ T cells incubated with filtered medium 
harvested from T cells left uninfected (UI) or infected with WT S. Typhimurium (STm). 
This medium had been subjected to immunodepletion using L-asparaginase II-specific 
antibody (α-L-Asnase II Ab), control antibody (Control Ab) or no antibody (No Ab), 
P<0.0001. Data show mean with SEM from at least three independent experiments.  
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Figure 21 L-asparaginase II is detected under bacterial growth conditions, but  
  not in supernatant taken from T cells cultured with S. Typhimurium 

(A) Western blot analysis of conditioned medium harvested from T cells left UI or 
cultured with WT or ΔSTM3106 S. Typhimurium.  Polyclonal rabbit anti-E. coli L-
asparaginase II antibody was used to detect L-asparaginase II. Purified L-asparaginase 
II of E. coli was used as a positive control.  (B) Western blot analysis of whole cell 
lysates of WT or ΔSTM3106 S. Typhimurium grown in LB broth. Polyclonal rabbit anti-E. 
coli L-asparaginase II antibody was used to detect L-asparaginase II.  Purified C-
terminal, 6xHis-tagged S. Typhimurium L-asparaginase II was used as a positive 
control. 
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Figure 22 L-asparaginase II is sufficient to cause down-modulation of the T cell 
  receptor and block cytokine production 

(A) Expression of surface TCR-β by CD90.2+ CD25+ T cells left UI, cultured with STm or 
treated with the indicated concentrations of purified L-asparaginase II (L-Asnase II), 
P=0.0018.  (B and C) Expression of surface TCR-β by CD4+ (B) and CD8+ (C) CD25+ T 
cells left uninfected (UI) or treated as in (A), cultured with WT S. Typhimurium (STm) or 
treated with 60 pM of purified L-asparaginase II (L-Asnase II), P=0.0012 for CD4+ T 
cells and P<0.0001 for CD8+ T cells.  (D and E) Expression of intracellular IFN-γ (D) 
and IL-2 (E) by CD25+ T cells left uninfected or treated as in (A), P=0.0015 for IFN-γ-
producing T cells and P=0.0070 for IL-2-producing T cells.  Data show mean with SEM 
from at least three independent experiments.  
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Figure 23 Supplementation with L-asparagine blocks S. Typhimurium-induced  
  T cell inhibition 

Expression of surface TCR-β by untreated, L-asparagine-treated (L-Asn), L-aspartate-
treated (L-Asp) or L-glutamine-treated (L-Gln) CD25+ T cells left UI or cultured with 
STm, P<0.0001.  Data show mean with SEM from at least three independent 
experiments. 
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Figure 24 S. Typhimurium deficient for L-asparaginase I inhibit T cells 

Expression of surface TCR-β by CD25+ T cells left uninfected (UI), cultured with wild-
type (WT) S. Typhimurium, S. Typhimurium deficient for L-asparaginase II (∆Asnase II), 
or S. Typhimurium deficient for L-asparaginase I (∆Asnase I).  Data show mean with 
SEM from at least three independent experiments.  The difference between WT and 
∆AsnaseI was not statistically significant. 
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Figure 25 Purified L-glutaminase does not inhibit T cells 

Expression of surface TCR-β by CD25+ T cells left uninfected (UI), cultured with wild-
type S. Typhimurium (STm), treated with 10 mU of purified L-asparaginase II (L-Asnase 
II), treated with 10 mU of purified L-glutaminase (L-Glnase), or treated with 100 mU of 
purified L-glutaminase (10X L-Glnase).  Data show mean with SEM from at least three 
independent experiments.  Differences between UI, L-Glnase, and 10x L-Glnase were 
not statistically significant. 
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Figure 26 Several known virulence regulators do not contribute to T cell   
  inhibition 

Expression of surface TCR-β by CD25+ T cells left uninfected (UI) or cultured with wild-
type (WT), ΔSTM1230, ΔSTM1231, ΔSTM1391, ΔSTM1392, ΔSTM1444, ΔSTM1660, 
ΔSTM1947, ΔSTM2924, ΔSTM3501, or ΔSTM3502 S. Typhimurium.  Data show mean 
with SEM from at least three independent experiments.  

U
I

W
T

!
S

TM
12

30
 (

ph
oQ

)

!
S

TM
12

31
 (

ph
oP

)

!
S

TM
13

91
 (

ss
rB

)

!
S

TM
13

92
 (

ss
rA

)

!
S

TM
14

44
 (

sl
yA

)

!
S

TM
16

60
 (

fn
r)

!
S

TM
19

47
 (

si
rA

)

!
S

TM
29

24
 (

rp
oS

)

!
S

TM
35

01
 (

en
vZ

)

!
S

TM
35

02
 (

om
pR

)0

20

40

60

80

S
ur

fa
ce

  T
C

R
-"

 (G
M

FI
)



	   99	  

 

 

Figure 27 S. Typhimurium deficient for tufB do not inhibit T cells as efficiently  
  as wild-type S. Typhimurium 

Expression of surface TCR-β by CD25+ T cells left uninfected (UI), cultured with wild-
type S. Typhimurium (WT) or S. Typhimurium deficient for tufB (∆tufB), P=0.035.  Data 
show mean with SEM from at least three independent experiments.   
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Figure 28 S. Typhimurium use L-asparaginase II to inhibit the response of T  
  cells 

Production of L-asparaginase II by S. Typhimurium is both necessary and sufficient to 
cause inhibition of T cells.  S. Typhimurium use L-asparaginase II to hydrolyze L-
asparagine, leading to down-modulation of TCR-β expression, suppression of T cell 
blastogenesis, blockade of cytokine production, and, ultimately, inhibition of T cell 
proliferation.  
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II. Role of L-asparaginase II in S. Typhimurium infection 
 

 A. Mice infected with ansB mutant S. Typhimurium survive better than  

  those  mice infected with wild-type S. Typhimurium 

 As ΔSTM3106 S. Typhimurium have a profound defect in vitro, we wanted to 

determine whether STM3106 (ansB), and therefore L-asparaginase II, is required for 

virulence of S. Typhimurium.  Survival assays were performed using 129X1/SvJ mice, 

which have served as a useful model to study persistent salmonellosis (14, 112, 138, 

149).  Significantly more mice survived infection with ΔSTM3106 S. Typhimurium than 

with wild-type S. Typhimurium (Figure 29A).  A similar trend was observed for C57BL/6J 

mice, which are more susceptible to infection with S. Typhimurium (Figures 29B and 

29C) (34, 35, 87).   These data illustrate that the S. Typhimurium ansB mutant unable to 

express L-asparaginase II is attenuated for virulence in both acute and chronic mouse 

models of infection. 

 B. S. Typhimurium lacking L-asparaginase II are deficient for liver  

  colonization  

 Since there was a statistical difference in the time-to-death studies using the 

129X1/SvJ mice, organ burden assays were performed on the surviving mice to 

determine bacterial loads.  After 60 days of infection, a long-term time point used to 

assess bacterial persistence (73, 86, 109), significantly fewer ΔSTM3106 S. 

Typhimurium than wild-type S. Typhimurium were recovered from livers, but not spleens 

and mesenteric lymph nodes (Figure 30A).  

 Additional organ burden assays were performed to determine the kinetics of 

primary wild-type and ΔSTM3106 S. Typhimurium infection. Similar numbers of wild-
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type and ΔSTM3106 S. Typhimurium were recovered from spleens and livers during 

early stages of infection (Figures 30B and 30C). In contrast, significantly fewer 

ΔSTM3106 S. Typhimurium than wild-type S. Typhimurium were recovered from livers, 

but not spleens, during later stages of infection (Figures 30B and 30C).  The presence 

of STM3106 in trans complemented the colonization defect of ΔSTM3106 S. 

Typhimurium in liver (Figure 31).  Cumulatively, these results implicate L-asparaginase 

II contributes to the ability of S. Typhimurium to persist in the liver and is required for 

virulence. 

 C. S. Typhimurium deficient for L-asparaginase II elicit a more robust T  

  cell response  

 Given that ΔSTM3106 S. Typhimurium fail to inhibit T cells in vitro, we examined 

whether there is a difference in the T cell response during the course of S. Typhimurium 

infection.  Multiparametric flow cytometry was used to determine if S. Typhimurium 

utilize L-asparaginase II to inhibit the response of T cells in vivo.  We analyzed the total 

T cell population, activation markers, and effector function.  More T cells were 

recovered from livers and spleens of mice infected with ΔSTM3106 S. Typhimurium 

than from livers and spleens of mice infected with wild-type S. Typhimurium (Figures 

32A and 32B).  Furthermore, at the peak of the T cell response (Day 21), more 

activated T cells and IFN-γ-producing T cells were recovered from livers and spleens of 

mice infected with ΔSTM3106 S. Typhimurium than from livers and spleens of mice 

infected with wild-type S. Typhimurium (Figures 33A-D).  However, these differences 

did not reach statistical significance.  Interestingly, an enhanced T cell response did 

correlate with decreased bacterial burden in the liver (Figure 30B and Figure 32A).  
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Together, these results indicate that upon eliciting a productive adaptive immune 

response, characterized by an increase in activated, IFN-γ-secreting T cells, there is a 

decrease in bacterial burden in mice infected with ΔSTM3106 S. Typhimurium.   

 D. Contribution of L-asparaginase II in a secondary challenge with S.  

  Typhimurium 

 Seeing as we have data implicating L-asparaginase II in T cell inhibition during a 

primary S. Typhimurium infection, we wanted to investigate whether L-asparaginase II 

would be utilized to dampen the T cell recall response during a secondary infection with 

S. Typhimurium.  Here, C57BL/6J mice were immunized with the prototypical, live-

attenuated S. Typhimurium vaccine strain CL1509 (14028 aroA-) (38, 79, 108).  

Approximately 100 days after immunization, mice were challenged with 5x106 CFU of 

wild-type S. Typhimurium or ΔSTM3106 S. Typhimurium.  Mice from each group were 

euthanized 3 days, 5 days, 7 days and 11 days after the challenge.   

 More wild-type S. Typhimurium than ΔSTM3106 S. Typhimurium were recovered 

from livers during early stages of infection (Figure 34A). In contrast, similar numbers of 

wild-type S. Typhimurium and ΔSTM3106 S. Typhimurium were recovered from spleens 

during the course of infection (Figure 34B).   

 Similar numbers of T cells were recovered from livers of mice infected with 

ΔSTM3106 S. Typhimurium and with wild-type S. Typhimurium (Figure 35A).  However, 

on Day 11 post-challenge, there were significantly more T cells recovered from the 

spleens of mice infected with ΔSTM3106 S. Typhimurium than with wild-type S. 

Typhimurium (Figure 35B).  Moreover, at Day 11 post-challenge, there were more 

activated T cells (CD69+ or CD25+) recovered from spleens of mice infected with 
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ΔSTM3106 S. Typhimurium than from spleens of mice infected with wild-type S. 

Typhimurium (Figures 35C and 35D).  Together, these results suggest that wild-type S. 

Typhimurium use L-asparaginase II to dampen the robust, rapidly proliferating T cell 

recall response.   

 Collectively, these results demonstrate that STM3106 (ansB), and therefore L-

asparaginase II, contributes to virulence of S. Typhimurium in both acute and chronic 

mouse models of infection, and that S. Typhimurium utilize L-asparaginase II to colonize 

and persist in liver.  Furthermore, these results suggest that the attenuation in virulence 

of ΔSTM3106 S. Typhimurium may be due to a reduced ability of these bacteria to 

inhibit the response of T cells in vivo.   

 E. Model of L-asparaginase II-mediated T cell inhibition in S.   

  Typhimurium infection 

 Our data show that the S. Typhimurium utilize L-asparagine II to suppress T cells 

directed against it.  Interestingly, L-asparaginases are used clinically to treat acute 

lymphoblastic leukemia (ALL) and have been shown to inhibit blastogenesis and 

proliferation by lymphocytes by a mechanism involving depletion of exogenous L-

asparagine.  Here, we suggest that S. Typhimurium cause immunosuppression by 

utilizing L-asparaginase II to dampen the T cell response in vivo by depleting L-

asparagine from the localized environment, as L-asparagine deprivation has been 

shown to induce immunosuppression. 
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Figure 29 A S. Typhimurium ansB mutant unable to express L-asparaginase II  
  is attenuated for virulence in mouse models of infection 

(A) Survival of 129X1/SvJ mice (n=15 per group) inoculated intragastrically with 5x107 
CFU of WT (squares) or ΔSTM3106 (triangles) S. Typhimurium, P=0.0183.  (B and C) 
Survival of C57BL/6J mice (n=8 per group) inoculated intragastrically with 5x105 CFU 
(B) or 5x106 CFU (C) of WT (squares) or ΔSTM3106 (triangles) S. Typhimurium, 
P=0.2733 (B) and P=0.0550 (C).  
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Figure 30 S. Typhimurium lacking L-asparaginase II are deficient for liver  
  colonization 

(A) Bacterial loads per gram of tissue harvested from 129X1/SvJ mice (n=15 per group) 
60 days after intragastric inoculation with 5x107 CFU of WT (squares) or ΔSTM3106 
(triangles) S. Typhimurium, P=0.0003 for liver.  At the time of harvest, 8 mice infected 
with WT S. Typhimurium and 4 mice infected with ΔSTM3106 S. Typhimurium had 
succumbed.  (B and C) Bacterial loads per gram of liver (C) and spleen (D) tissue 
harvested from 129X1/SvJ mice (n=5 per group per time point) at various times after 
intragastric inoculation with 5x107 CFU of WT (squares) or ΔSTM3106 (triangles) S. 
Typhimurium, P=0.0001 for liver and P=0.2905 for spleen.  Data show mean with SEM. 
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Figure 31 Expression of STM3106 in trans in S. Typhimurium lacking L-  
  asparaginase II restores their ability to colonize the liver  

Bacterial loads per gram of liver tissue harvested from F1 (C57BL/6J x 129X1/SvJ) 
hybrid mice (n=8 per group) 10 days after intravenous inoculation with 5x103 CFU of 
WT S. Typhimurium, ΔSTM3106 S. Typhimurium or ΔSTM3106 S. Typhimurium 
carrying a derivative of pWSK29 encoding STM3106 (ΔSTM3106/pWSK29-STM3106), 
P=0.0111.  Data show mean with SEM.  

ΔSTM3106 S. Typhimurium carrying a derivative of pWSK29 encoding STM3106 
(ΔSTM3106/pWSK29-STM3106 were able to down-modulate surface expression of 
TCR-β (Data not shown).
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Figure 32 S. Typhimurium deficient for L-asparaginase II elicit a more robust T  
  cell response during primary infection 

(A and B) Absolute numbers of T cells present in livers (A) and spleens (B) harvested 
from 129X1/SvJ mice (n=5 per group per time point) at various times after intragastric 
inoculation with 5x107 CFU of WT (squares) or ΔSTM3106 (triangles) S. Typhimurium, 
P=0.1917 for liver and P=0.2934 for spleen. Data show mean with SEM.  
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Figure 33 More activated T cells secreting IFN-γ  were found in spleens and  
  livers of mice infected with S. Typhimurium deficient for L-  
  asparaginase II than with wild-type S. Typhimurium 

(A and B) Absolute numbers of CD44hi CD62Llo T cells present in livers (A) and spleens 
(B) of 129X1/SvJ mice (n=5 per group per time point) at day 21 after intragastric 
inoculation with 5x107 CFU of WT or ΔSTM3106 S. Typhimurium.  Differences in the 
number of activated T cells in mice infected with WT or ΔSTM3106 S. Typhimurium 
were not statistically significant.  (C and D) Absolute numbers of IFN-γ-producing T cells 
present in livers (C) and spleens (D) of 129X1/SvJ mice (n=5 per group per time point) 
at day 21 after treatment as in (A).  Differences in the number of T cells secreting IFN-γ 
in mice infected with WT or ΔSTM3106 S. Typhimurium were not statistically significant.  
Data show mean with SEM. 
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Figure 34 S. Typhimurium lacking L-asparaginase II are deficient for liver  
  colonization during secondary infection 

 

(A and B) Bacterial loads per gram of liver (A) and spleen (B) tissue harvested from 
immunized C57BL/6J (n=5 per group) after intragastric inoculation with 5x106 CFU of 
WT (squares) or ΔSTM3106 (triangles) S. Typhimurium, **P<0.01 and * P<0.05, 
respectively, for liver and there were no differences that reached statistical significance 
for spleen.  Data show mean with SEM. 
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Figure 35 S. Typhimurium deficient for L-asparaginase II elicit a more robust T  
  cell response during secondary infection 

(A and B) Absolute numbers of T cells present in liver (A) and spleen (B) tissue 
harvested from immunized C57BL/6J mice (n=5 per group) after intragastric inoculation 
with 5x106 CFU of WT (squares) or ΔSTM3106 (triangles) S. Typhimurium or mock 
challenge (PBS, dotted line).  (C and D) Absolute numbers of activated T cells in the 
spleen, CD69+ T cells (C) and CD25+ T cells (D) of immunized C57BL/6J mice (n=5 per 
group per time point) at day 11 after treatment as in (A), **P<0.01.  Data show mean 
with SEM.  
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Figure 36 L-asparaginase II produced by S. Typhimurium inhibits T cell   
  responses and mediates virulence through depletion of L-asparagine 

Our data show that the S. Typhimurium utilize L-asparagine II to suppress T cells 
directed against it. L-asparaginases are used clinically to treat acute lymphoblastic 
leukemia (ALL) and have been shown to inhibit blastogenesis and proliferation by 
lymphocytes by a mechanism involving depletion of exogenous L-asparagine.  Here, we 
suggest that S. Typhimurium cause immunosuppression by utilizing L-asparaginase II to 
dampen the T cell response in vivo by depleting L-asparagine from the localized 
environment, as L-asparagine deprivation has been shown to induce 
immunosuppression.	  
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DISCUSSION AND FUTURE DIRECTIONS 

 

I. Discussion 

These studies demonstrate that S. Typhimurium utilize L-asparaginase II to 

inhibit the response of T cells and that production of L-asparaginase II by S. 

Typhimurium is both necessary and sufficient to cause inhibition of T cells.  Our 

identification of the factor responsible for S. Typhimurium-induced T cell inhibition 

provides an understanding of a previously unrecognized mechanism by which these 

microorganisms can establish infection in the mammalian host and avoid clearance by 

the immune system.  One implication of our results is that production of L-asparaginase 

II by S. Typhimurium causes depletion of exogenous L-asparagine, leading to down-

modulation of TCR-β expression, suppression of T cell blastogenesis, blockade of 

cytokine production, and, ultimately, inhibition of T cell proliferation.  Another important 

and more general implication of our work is that of a metabolic enzyme functioning 

beyond its canonical role in catalyzing the hydrolysis of L-asparagine to aspartic acid 

and ammonia. 

L-asparaginases are used clinically to treat acute lymphoblastic leukemia (ALL) 

and have been shown to inhibit blastogenesis and proliferation by lymphocytes (41, 42).  

They function by a mechanism involving depletion of exogenous L-asparagine and, to a 

lesser extent, L-glutamine (4, 128).  In a significant number of patients with ALL, 

malignant cells exhibit a metabolic defect in L-asparagine synthesis and are dependent 

on an exogenous source of L-asparagine for survival (4).  Normal cells are able to 

synthesize L-asparagine by up-regulating asparagine synthetase and thus are less 
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affected by the rapid depletion of this important amino acid following treatment with L-

asparaginase (3).    

T cells are extremely sensitive to amino acid deprivation, particularly when they 

are proliferating and differentiating, and it has been shown that APCs regulate T cell 

proliferation by controlling amino acid availability, specifically releasing cysteine (2, 20, 

130).  T cells, like malignant cells in ALL, may be dependent on an exogenous source of 

L-asparagine when undergoing the metabolically demanding process of clonal 

expansion.  Indeed, it has been shown that L-asparagine is required for lymphocyte 

blastogenesis (131, 176).  Furthermore, it has been described that the ability of 

lymphoid tissues to synthesize L-asparagine is severely restricted, suggesting L-

asparagine may be an essential nutrient (131). Here, we suggest that S. Typhimurium 

cause immunosuppression by utilizing L-asparaginase II to dampen the T cell response 

in vivo by depleting L-asparagine from the localized environment, as L-asparagine 

deprivation has been shown to induce immunosuppression (131).   

Our results show that there is a significant difference in colonization of the liver at 

late stages of infection in mice infected with L-asparaginase II-deficient S. Typhimurium 

when compared to wild-type S. Typhimurium.  This in vivo phenotype could be due to a 

reduced ability of L-asparaginase II-deficient S. Typhimurium to inhibit T cell responses 

during infection.	  	  Consistent with a role for L-asparaginase II in S. Typhimurium-induced 

T cell immunosuppression, it has been previously shown that T cell immunosuppression 

also involves S. Typhimurium genes encoded by the virulence plasmid (63) and 

Salmonella Pathogenicity Island (SPI-2) (39), and that in vivo phenotypes reveal 

themselves when the adaptive immune system is fully engaged.  Hence, if S. 
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Typhimurium utilize L-asparaginase II for inhibition of the T cells, it is consistent that an 

in vivo phenotype may reveal itself in a systemic site, such as the liver or spleen, and 

during later stages of infection. 

In agreement with a delay in the onset of the adaptive immune response, we 

found that the peak of the primary T cell response occurs between days 21 and 28 post-

infection, and this correlates with subsequent decrease in bacterial burden in liver of 

mice infected with ∆STM3106 S. Typhimurium.  We did not observe a statistically 

significant difference in the primary T cell response in the spleen and liver of mice 

infected with wild-type S. Typhimurium or L-asparaginase II-deficient S. Typhimurium 

(Figures 32A-33D).  However, there is a trend of more activated, IFN-γ-secreting T cells 

being present in mice infected with S. Typhimurium lacking L-asparaginase II than in 

mice infected with wild-type S. Typhimurium (Figures 32A-33D).  Given the general 

properties and functions of cytokines secreted by activated T cells (e.g. cascade 

induction, paracrine action and attributes of pleiotropy, redundancy, synergism and 

antagonism), a large and sustained impact on the magnitude of the T cell response may 

not be needed in order to significantly alter the course of a S. Typhimurium infection.  

Our time-to-death studies are consistent with this idea because more mice survived 

infection with L-asparaginase II-deficient S. Typhimurium than with wild-type S. 

Typhimurium (Figures 29A-C). 

If T cells, like malignant cells in ALL, are dependent on an exogenous source of 

L-asparagine when undergoing the metabolically demanding process of clonal 

expansion, this may provide insight into the statistically significant difference we 

observed in the T cell recall response (Figures 35B-D and (131, 176)).  Under these 
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conditions, the antigen-experienced T cells do not require co-stimulation and undergo 

more rapid clonal expansion when they encounter their cognate antigen.  Thus, if S. 

Typhimurium utilize L-asparaginase II to cause T cell inhibition by depriving them of L-

asparagine, we would expect to detect a larger difference when there is strong 

stimulation for them to proliferate and this is indeed what we observed (Figures 35B-D).  

Collectively, our data indicate that the mechanism by which S. Typhimurium inhibit the 

response of T cells by deploying L-asparaginase II may be similar to the mechanism by 

which clinically administered L-asparaginases help eliminate human cancers.   

In addition to the inhibitory effects on T cells by L-asparaginase II, there may be 

other effects, such as reduced availability of nutrients to S. Typhimurium lacking L-

asparaginase II.  These effects could be amplified in the liver, since the liver already has 

lower levels of amino acids (65, 78).  It is also possible S. Typhimurium specifically 

target the liver, given that this organ has an important role in the removal of pathogens 

and antigens (65, 78, 121). Kupffer cells produce IL-10, a potent inhibitory cytokine, in 

response to LPS (78).  Another important function of the liver is to induce peripheral 

tolerance (158).  It is interesting to postulate that wild-type S. Typhimurium may 

modulate IL-10 production or induce tolerance to further amplify the immunosuppressive 

environment of the liver.   

The observations of this study parallel earlier reports which describe S. 

Typhimurium causing T reg-induced immunosuppression, allowing the bacteria to 

establish infection (74).  Eventually, a T cell response is generated, resulting in 

clearance of the bacteria (74).  Thus, it would be of interest to evaluate if there is a 

difference in T reg cell numbers or their effector function in the livers of mice infected 
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with ∆STM3106 S. Typhimurium or wild-type S. Typhimurium.  This will allow for 

interesting insight because the liver has a large resident population of T reg cells, which 

express enzymes that deplete the environment of essential amino acids (23, 29, 78, 

124, 158).   

S. Typhimurium have been found to reside primarily inside macrophages of the 

mouse liver (104).  We investigated if a difference in survival inside macrophages may 

contribute to the difference in liver colonization.  We observed no difference in survival 

between ∆STM3106 S. Typhimurium and wild-type S. Typhimurium inside macrophages 

(Figures 19A-C), suggesting that a difference in intracellular survival does not account 

for the colonization difference.  Approximately 80% of macrophages in the liver are 

Kupffer cells (124).  Kupffer cells are liver-specific macrophages with unique endocytic 

and phagocytic capacities primarily found at sites where blood enters the liver (124).  

Thus, we need to determine how ∆STM3106 S. Typhimurium and wild-type S. 

Typhimurium survive in this specialized population of macrophages as well as in 

hepatocytes (another abundant cell type of the liver) to fully understand the liver-specific 

colonization defect.   

Our results provide new insight in the mechanism used by S. Typhimurium to 

inhibit T cell responses:  down-modulation of TCR-β expression, suppression of T cell 

blastogenesis, blockade of cytokine production, and, ultimately, inhibition of T cell 

proliferation.  Our results are consistent with previous studies showing that Salmonella 

T cell inhibitor (STI) produced by S. Typhimurium blocks T cell proliferation and cytokine 

production (3, 99, 100).  However, we demonstrated that sti-deficient S. Typhimurium 

down-modulated TCR-β on activated T cells, indicating that it was not required for that 
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aspect of T cell inhibition (166).  Additionally, the mechanisms we describe in this study 

are supported by recent studies demonstrating that purified L-asparaginase II from S. 

Enteritidis and H. pylori can inhibit protein synthesis, block cell-cycle progression and 

suppress replication of cultured cell lines (69, 144, 147).  These studies also suggest 

that L-asparaginase II inhibits proliferation via L-asparagine depletion (69, 147).  

Additional support for immunosuppression induced by deprivation of L-asparagine 

comes from studies on the effect of purified E. coli L-asparaginase II on endogenous 

populations of lymphocytes.  These studies revealed a reduction in the mature 

population of T cells, as T cells are most sensitive to L-asparaginase II treatment during 

early stages of differentiation (21).   

Additional reports describe L-asparaginase II-treated cells as having decreased 

mTOR signaling and phosphorylation of eIF2α (4).  The mTOR pathway controls cell 

growth and division and its activation is required for T cell differentiation (130).  

Phosphorylation of eIF2α suppresses global protein synthesis, limits the consumption of 

amino acids, and induces transcription of genes encoding metabolic pathways required 

for the biosynthesis of amino acids (20, 130).  Collectively, these reasons may provide 

further insight to the mechanism by which L-asparaginase II produced by S. 

Typhimurium inhibits production of a T cell response.  It would be interesting to compare 

the levels of phosphorylation of eIF2α in activated T cells cultured in the presence of L-

asparaginase II to the levels in untreated T cells. 

We propose that S. Typhimurium utilize L-asparaginase II to inhibit induction of a 

T cell response through depletion of L-asparagine.  Additional support for this 

hypothesis comes from our laboratory.  We generated a mutation in the catalytic site of 
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L-asparaginase II, which subsequently fails to down-modulate TCR-β, block cytokine 

production, and inhibit T cell proliferation (A. Torres Gersch, A. Kullas, and A. van der 

Velden, unpublished data).  Moreover, we demonstrated that when uninfected T cells 

were cultured in medium lacking L-asparagine, they expressed levels of TCR-β similar 

to T cells cultured in the presence of S. Typhimurium in rich media (A. Torres Gersch 

and A. van der Velden, unpublished data).  These results indicate that T cells require L-

asparagine and are consistent with T cells being extremely sensitive to amino acid 

deprivation (2, 20, 130).  We also have found that treatment of uninfected, activated T 

cells with L-aspartate or ammonia does not cause T cell inhibition (Figure 23 and A. 

Torres Gersch and A. van der Velden, unpublished data).  Collectively, these results 

indicate that L-asparaginase II-dependent inhibition is due to depletion of substrate (L-

asparagine), not accumulation of product (L-aspartate or ammonia).  We are currently in 

the process of investigating the effect of L-asparagine starvation on T cell function. 

We have found that L-asparaginase II down-modulates expression of a number 

of proteins expressed on  the surface of T cells (J. Luke and A. van der Velden, 

unpublished data).  These results are consistent with the hypothesis that L-

asparaginase II has a global effect on T cells that may be characterized by starvation 

and inhibition of protein synthesis.  We have begun to analyze expression of asparagine 

synthetase and preliminary results indicate that there is a difference in transcript levels 

in activated T cells left uninfected or treated with L-asparaginase II (J. Luke and A. van 

der Velden, unpublished data).  This is analogous to observations made in H. pylori 

where cell-cycle inhibition induced by L-asparaginase correlates to lower expression 
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levels of asparagine synthetase (144).  Collectively, these results suggest that L-

asparaginase II may have a global inhibitory effect on T cells.   

Interestingly, the L-asparaginase II gene ansB is highly conserved in Gram-

negative bacteria and has been shown to contribute to the virulence of several 

important human pathogens.  Campylobacter jejuni also utilize L-asparaginase II to 

colonize and persist in liver, and strains expressing L-asparaginase II have increased 

virulence (64).  In addition, asparaginase-deficient H. pylori are significantly more 

attenuated (147).   

The studies of L-asparaginase II in C. jejuni and H. pylori also characterized the 

importance of a secretion signal in both of these L-asparaginase sequences (64, 144).  

The secretion signal allowed subcellular localization of L-asparaginase to the periplasm, 

which allowed the bacteria to efficiently use L-asparagine as a nutrient source.  L-

asparaginase II of S. Typhimurium also has a secretion signal, thus we predict that its 

localization to the periplasm is also required for its ability to inhibit T cells.  We have 

preliminary data that may support the conclusion that L-asparaginase II is localized to 

the periplasm.   Upon continuing to screen the multi-gene deletion S. Typhimurium 

library to identify additional genes required for T cell inhibition, we found S. 

Typhimurium deficient for dsbA were also unable to down-modulate TCR-β (P. 

McLaughlin and A. van der Velden, unpublished data). Interestingly, in dsbA-deficient S. 

Typhimurium, the protein expression levels of L-asparaginase II were reduced when 

compared to wild-type S. Typhimurium (P. McLaughlin and A. van der Velden, 

unpublished data).  DsbA is required for disulfide bond formation of proteins in the 

periplasm.  This suggests that DsbA is required for disulfide bond formation in L-
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asparaginase II, allowing for proper protein folding, and may explain why DsbA 

contributes to T cell inhibition by a L-asparaginase II-dependent mechanism. 

Although the canonical function of L-asparaginase II is to catalyze the hydrolysis 

of L-asparagine to aspartic acid and ammonia, it is striking to consider the convergent 

role of an enzyme used clinically to suppress T cell cancers with the discovery that the 

same enzyme serves as a virulence determinant that allows S. Typhimurium to 

suppress T cells directed against it.  Our work establishes that L-asparaginase II has 

important functions in infection and immunity, leaving open the possibility that S. 

Typhimurium produce and secrete L-asparaginase II to utilize L-asparagine and thus 

compete with the host for nutrients.   

Interestingly, L-asparagine may be an important nutrient for bacterial pathogens 

in the liver, but not in the intestine (64).  L-asparagine is continually synthesized in liver 

and is maintained at approximately 20 µM in mice (124).  Given that L-asparagine is 

found in serum of the liver, it could be an important resource for S. Typhimurium at this 

site (124).  Additionally, when growing in minimal medium where only L-asparagine is 

supplemented, wild-type S. Typhimurium grow slightly better than the ∆STM3106 S. 

Typhimurium (P. McLaughlin and A. van der Velden, unpublished data), suggesting that 

S. Typhimurium may utilize L-asparaginase II to use L-asparagine. Since L-asparagine 

is continually made in the liver, it could be a sustained nutrient source for S. 

Typhimurium.  Thus, the bacteria can persist and thrive in the liver when compared to 

the spleen (Figures 30A-C and Figure 31).  In contrast, ∆STM3106 S. Typhimurium do 

not express L-asparaginase II and are not able to use L-asparagine, which is why their 

persistence in the liver is similar to the bacterial levels found in the spleen (Figures 30A-



	   123	  

C).  These results suggest that wild-type S. Typhimurium may use L-asparaginase II to 

effectively compete for the available L-asparagine of the liver and deplete its availability 

from the T cells. 

To determine the importance of T cells in the bacterial colonization difference of 

the liver, we plan to conduct organ burden studies in T cell-deficient mice.  

Unfortunately, we have not had the correct strains of mice to do these experiments yet 

as the required mice are not commercially available.  If the colonization difference 

between wild-type S. Typhimurium and L-asparaginase II-deficient S. Typhimurium 

persists in the liver of T cell-deficient mice, this would indicate that T cells are not 

responsible for the colonization difference.  However, if the difference in colonization of 

the liver is no longer present in T cell-deficient mice, it would suggest that T cells are 

required for effectively clearing S. Typhimurium from the liver.  Furthermore, if we 

observe an intermediate phenotype of the liver colonization in T cell-deficient mice, this 

would imply that T cells contribute to the difference in liver colonization we identified, but 

there are other contributing factors as well.  This additional mechanism may be due to a 

reduced ability of L-asparaginase II-deficient S. Typhimurium to consume L-asparagine 

as well as inhibit the T cell response. 

L-asparaginases are used to treat acute lymphoblastic leukemia through 

mechanisms that likely involve amino acid starvation of leukemic cells and these 

findings indicate that pathogens similarly use L-asparagine deprivation to limit T cell 

responses.  This is the first study to show that a bacterial pathogen, S. Typhimurium, 

utilizes L-asparaginase II to inhibit the mammalian T cell response against it, thereby 

leading to its increased survival and persistence.  Furthermore, the L-asparaginase II 
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gene ansB is highly conserved in bacteria and has been shown to contribute to 

virulence of several important human pathogens.  Thus, L-asparaginase II could prove 

to be a promising target for development of innovative, broad-spectrum therapeutic 

approaches and preventive measures to overcome bacterial infections. 

 

II. Future Directions 

 With these studies, we have gained significant insight into the mechanism by 

which S. Typhimurium inhibit T cell responses and mediate virulence.  This has led to 

new interests of the laboratory and opened new areas of research. 

 A. Determine how L-asparaginase II gets out of S. Typhimurium 

 We previously reported that there is a proteinaceous factor present in the 

supernatant harvested from the co-culture of T cells and S. Typhimurium that is required 

for T cell inhibition (166).  Here, we report that the identity of the factor is L-

asparaginase II.  However, how L-asparaginase II gets into the supernatant is elusive.  

A bioinformatics approach using SignalP4.0 Server predicted the presence and location 

of a signal peptide cleavage site in the primary amino acid sequence of L-asparaginase 

II, with a predicted cleavage site between residues 22 and 23.  This suggests that L-

asparaginase II of S. Typhimurium is translocated from the cytoplasm to the periplasm 

by the Sec system, and then may be secreted into the extracellular environment.  

Preliminary results have shown the requirement of the Sec-secretion signal of L-

asparaginase II for its expression and subsequent T cell inhibition (data not shown).  

Further experiments need to be conducted to determine how L-asparaginase II gets 

outside S. Typhimurium.  We are currently mutating the signal peptide of L-
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asparaginase II to inhibit its translocation by the Sec-secretion system.  We will then 

analyze the ability of this mutant L-asparaginase II to cause T cell inhibition.  An 

additional possibility is L-asparaginase II is released by S. Typhimurium through outer 

membrane vesicles (OMVs).  To test this hypothesis, we could add purified OMVs from 

S. Typhimurium to isolated T cells and identify if OMVs are sufficient to inhibit T cells.  If 

the OMVs are sufficient for causing T cell inhibition, we could analyze the protein 

content of OMVs using mass spectrometry. 

 B. Characterize regulation of L-asparaginase II in S. Typhimurium 

 We determined that deleting invA (SPI-1) and/or spiB (SPI-2) or phoP from S. 

Typhimurium did not alter its ability to inhibit T cells (166).  Thus, it is unlikely that any of 

these directly regulate L-asparaginase II in S. Typhimurium.  In this study, we screened 

a select panel of targeted deletion mutants of known virulence regulators and found that 

none appeared to contribute to L-asparaginase II-mediated T cell inhibition (Figure 26).  

More multi-gene deletions were generated and screened for their ability to cause TCR-β 

down-modulation.  Subsequently, we found that dsbA appears to contribute to T cell 

inhibition in a L-asparaginase II-dependent mechanism (P. McLaughlin and A. van der 

Velden, unpublished data).  These are exciting preliminary results and more work needs 

to be done to further understand the regulation of L-asparaginase II and how DsbA 

contributes to its expression. 

 C. Identify if L-asparaginase II enzymatic activity is required for T cell  

  inhibition 

 Here, we show exogenous L-asparagine, but not L-aspartate or L-glutamine, 

prevented S. Typhimurium-induced down-modulation of TCR-β (Figure 23).  These 
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results imply that the enzymatic activity of L-asparaginase II contributes to T cell 

inhibition.  Further, we showed a mutation (T89A) in the catalytic site of L-asparaginase 

II resulted in the failure to down-modulate TCR-β and inhibit cytokine production (A. 

Torres Gersch, A. Kullas, and A. van der Velden, unpublished data).  Additional studies 

are underway in our laboratory to quantify the enzymatic activity of the catalytic mutant 

and wild-type L-asparaginase II.  This will allow us to determine if the enzymatic activity 

of L-asparaginase II is required for T cell inhibition.  

 D. Examine the effects of L-asparaginase II on T cells 

 While we have demonstrated L-asparaginase II is sufficient to down-modulate 

TCR-β surface expression, suppress T cell blastogenesis, and block cytokine 

production (Figures 22A-E and data not shown), we still do not know the extent of the 

effects that L-asparaginase II has on T cells.   Earlier studies found that L-asparaginase 

II (from E. coli) alters the surface of the lymphocyte, which leads to decreased antigen 

binding and inhibits the synthesis of membrane glycoproteins (41, 42).  Further, we are 

interested in determining if there is a difference in T cells left uninfected or cultured with 

wild-type S. Typhimurium or ∆STM3106 S. Typhimurium in their ability to synthesize 

their own L-asparagine by analyzing their L-asparagine synthetase levels.  This is an 

active area of research currently underway in our laboratory. 

 E. Characterize ∆STM3106 S. Typhimurium’s ability to survive and  

  persist inside hepatocytes and Kupffer cells and induce host cell  

  death 

 We have seen a remarkable difference in colonization of the liver in mice infected 

with wild-type S. Typhimurium when compared to ∆STM3106 S. Typhimurium.  An 
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important experiment is to analyze the histopathology of liver sections from mice 

infected with wild-type S. Typhimurium or ∆STM3106 S. Typhimurium.  We have 

observed that there does not appear to be a difference in survival between the two 

strains inside of macrophages (Figures 19A-C), suggesting that is not responsible for 

the difference in colonization.   

 Approximately 80% of macrophages in the liver are Kupffer cells.  Kupffer cells 

are liver-specific macrophages with unique endocytic and phagocytic capacities 

primarily found at sites where blood enters the liver.  Thus, we need to determine how 

∆STM3106 S. Typhimurium and wild-type S. Typhimurium survive in this specialized 

population of macrophage.  Another major type of cell that makes up the liver is the 

hepatocyte (70-80%, (65)).  Thus, it is important to characterize the abilities of 

∆STM3106 S. Typhimurium and wild-type S. Typhimurium to survive and persist inside 

hepatocytes and Kupffer cells to fully understand the liver-specific colonization defect. 

 Another possible, though unlikely, explanation for the difference in colonization of 

the liver is that ∆STM3106 S. Typhimurium are unable to cause death of host cells.  

Wild-type S. Typhimurium have been shown to induce host cell death, and this 

contributes to their ability to be a successful pathogen (13, 61, 72, 91, 113, 115, 116, 

137, 167, 168).   

 F. Examine the contribution of L-asparaginase  II to the kinetics and  

  magnitude of the secondary T cell response to S. Typhimurium  

  infection 

 We have promising preliminary results that there appears to be a significant 

difference in the T cell recall response in immunized mice challenged with wild-type S. 
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Typhimurium or ∆STM3106 S. Typhimurium.  Unfortunately, it appears that we had not 

yet reached the peak of the T cell recall response on Day 11 post-challenge.  We are in 

the process of repeating this experiment, taking weekly time points to capture the full 

dynamics of the recall response of T cells. 

 G. Determine if expression of L-asparaginase II during primary infection 

  with S. Typhimurium affects the ability of the host to respond to  

  secondary challenge with S. Typhimurium  

These experiments would complement those listed above in the preceding 

section.  If S. Typhimurium express L-asparaginase II during infection to inhibit the initial 

T cell response, mice immunized with a vaccine strain lacking L-asparaginase II may 

have a greater primary immune response to wild-type S. Typhimurium infection than 

mice immunized with the current vaccine strain.  This may result in a larger population 

of memory T cells, which could translate into an enhanced recall response 

accompanied by increased T cell proliferation and more effective clearance of wild-type 

S. Typhimurium.   

H. Determine the importance of T cells in the bacterial colonization  

  difference of the liver 

 To determine the importance of T cells in the bacterial colonization difference of 

the liver, we plan to conduct organ-burden and time-to-death studies in T cell-deficient 

mice.  If the colonization difference between wild-type S. Typhimurium and L-

asparaginase II-deficient S. Typhimurium persists in the liver of T cell-deficient mice, 

this would indicate that T cells are not responsible for the colonization difference.  

However, if the difference in colonization of the liver is no longer present in T cell-
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deficient mice, it would suggest that T cells are required for effectively clearing S. 

Typhimurium from the liver.  	  



	   130	  

REFERENCES 

1. Algood, H. M., and T. L. Cover. 2006. Helicobacter pylori persistence: an 
overview of interactions between H. pylori and host immune defenses. Clin 
Microbiol Rev 19:597-613. 

2. Angelini, G., S. Gardella, M. Ardy, M. R. Ciriolo, G. Filomeni, G. Di Trapani, 
F. Clarke, R. Sitia, and A. Rubartelli. 2002. Antigen-presenting dendritic cells 
provide the reducing extracellular microenvironment required for T lymphocyte 
activation. Proc Natl Acad Sci U S A 99:1491-6. 

3. Arai, T., and K. Matsui. 1997. A purified protein from Salmonella typhimurium 
inhibits high-affinity interleukin-2 receptor expression on CTLL-2 cells. FEMS 
Immunol Med Microbiol 17:155-60. 

4. Avramis, V. I., and P. N. Tiwari. 2006. Asparaginase (native ASNase or 
pegylated ASNase) in the treatment of acute lymphoblastic leukemia. Int J 
Nanomedicine 1:241-54. 

5. Barat, S., Y. Willer, K. Rizos, B. Claudi, A. Maze, A. K. Schemmer, D. 
Kirchhoff, A. Schmidt, N. Burton, and D. Bumann. 2012. Immunity to 
Intracellular Salmonella Depends on Surface-associated Antigens. PLoS Pathog 
8:e1002966. 

6. Batista, F. D., and N. E. Harwood. 2009. The who, how and where of antigen 
presentation to B cells. Nat Rev Immunol 9:15-27. 

7. Baumler, A. J., R. M. Tsolis, and F. Heffron. 1997. Fimbrial adhesins of 
Salmonella typhimurium. Role in bacterial interactions with epithelial cells. Adv 
Exp Med Biol 412:149-58. 

8. Bedoui, S., A. Kupz, O. L. Wijburg, A. K. Walduck, M. Rescigno, and R. A. 
Strugnell. 2010. Different bacterial pathogens, different strategies, yet the aim is 
the same: evasion of intestinal dendritic cell recognition. J Immunol 184:2237-42. 

9. Blander, J. M., and L. E. Sander. 2012. Beyond pattern recognition: five 
immune checkpoints for scaling the microbial threat. Nat Rev Immunol 12:215-
25. 

10. Bohme, L., and T. Rudel. 2009. Host cell death machinery as a target for 
bacterial pathogens. Microbes Infect 11:1063-70. 

11. Bonneville, M., R. L. O'Brien, and W. K. Born. 2010. Gammadelta T cell 
effector functions: a blend of innate programming and acquired plasticity. Nat 
Rev Immunol 10:467-78. 

12. Bowe, F., C. J. Lipps, R. M. Tsolis, E. Groisman, F. Heffron, and J. G. 
Kusters. 1998. At least four percent of the Salmonella typhimurium genome is 
required for fatal infection of mice. Infect Immun 66:3372-7. 

13. Brennan, M. A., and B. T. Cookson. 2000. Salmonella induces macrophage 
death by caspase-1-dependent necrosis. Mol Microbiol 38:31-40. 

14. Broz, P., M. B. Ohlson, and D. M. Monack. 2012. Innate immune response to 
Salmonella typhimurium, a model enteric pathogen. Gut Microbes 3:62-70. 

15. Bruno, V. M., S. Hannemann, M. Lara-Tejero, R. A. Flavell, S. H. Kleinstein, 
and J. E. Galan. 2009. Salmonella Typhimurium type III secretion effectors 
stimulate innate immune responses in cultured epithelial cells. PLoS Pathog 
5:e1000538. 



	   131	  

16. Buchmeier, N. A., and F. Heffron. 1989. Intracellular survival of wild-type 
Salmonella typhimurium and macrophage-sensitive mutants in diverse 
populations of macrophages. Infect Immun 57:1-7. 

17. Bueno, S. M., P. A. Gonzalez, L. J. Carreno, J. A. Tobar, G. C. Mora, C. J. 
Pereda, F. Salazar-Onfray, and A. M. Kalergis. 2008. The capacity of 
Salmonella to survive inside dendritic cells and prevent antigen presentation to T 
cells is host specific. Immunology 124:522-33. 

18. Bueno, S. M., P. A. Gonzalez, J. R. Schwebach, and A. M. Kalergis. 2007. T 
cell immunity evasion by virulent Salmonella enterica. Immunol Lett 111:14-20. 

19. Bueno, S. M., S. Riquelme, C. A. Riedel, and A. M. Kalergis. 2012. 
Mechanisms used by virulent Salmonella to impair dendritic cell function and 
evade adaptive immunity. Immunology 137:28-36. 

20. Bunpo, P., J. K. Cundiff, R. B. Reinert, R. C. Wek, C. J. Aldrich, and T. G. 
Anthony. 2010. The eIF2 kinase GCN2 is essential for the murine immune 
system to adapt to amino acid deprivation by asparaginase. J Nutr 140:2020-7. 

21. Bunpo, P., B. Murray, J. Cundiff, E. Brizius, C. J. Aldrich, and T. G. Anthony. 
2008. Alanyl-glutamine consumption modifies the suppressive effect of L-
asparaginase on lymphocyte populations in mice. J Nutr 138:338-43. 

22. Cahoon, L. A., and H. S. Seifert. 2011. Focusing homologous recombination: 
pilin antigenic variation in the pathogenic Neisseria. Mol Microbiol 81:1136-43. 

23. Carambia, A., and J. Herkel. 2010. CD4 T cells in hepatic immune tolerance. J 
Autoimmun 34:23-8. 

24. Carrero, J. A., and E. R. Unanue. 2006. Lymphocyte apoptosis as an immune 
subversion strategy of microbial pathogens. Trends Immunol 27:497-503. 

25. Cawthraw, S., J. L. Pennings, H. M. Hodemaekers, R. de Jonge, A. H. 
Havelaar, B. Hoebee, L. Johnson, A. Best, E. Kennedy, R. M. La Ragione, D. 
G. Newell, and R. Janssen. 2011. Gene expression profiles induced by 
Salmonella infection in resistant and susceptible mice. Microbes Infect 13:383-
93. 

26. Chander, R., K. B. Sainis, and N. F. Lewis. 1986. Role of thymus-derived 
lymphocytes in acquired immunity to salmonellosis in mice. Microbiol Immunol 
30:1299-306. 

27. Cheminay, C., A. Mohlenbrink, and M. Hensel. 2005. Intracellular Salmonella 
inhibit antigen presentation by dendritic cells. J Immunol 174:2892-9. 

28. Clarke, T. B., and J. N. Weiser. 2011. Intracellular sensors of extracellular 
bacteria. Immunol Rev 243:9-25. 

29. Cobbold, S. P., E. Adams, C. A. Farquhar, K. F. Nolan, D. Howie, K. O. Lui, 
P. J. Fairchild, A. L. Mellor, D. Ron, and H. Waldmann. 2009. Infectious 
tolerance via the consumption of essential amino acids and mTOR signaling. 
Proc Natl Acad Sci U S A 106:12055-60. 

30. Coburn, B., I. Sekirov, and B. B. Finlay. 2007. Type III secretion systems and 
disease. Clin Microbiol Rev 20:535-49. 

31. Curtis, M. M., E. Rowell, S. Shafiani, A. Negash, K. B. Urdahl, C. B. Wilson, 
and S. S. Way. 2010. Fidelity of pathogen-specific CD4+ T cells to the Th1 
lineage is controlled by exogenous cytokines, interferon-gamma expression, and 
pathogen lifestyle. Cell Host Microbe 8:163-73. 



	   132	  

32. Dallo, S. F., T. R. Kannan, M. W. Blaylock, and J. B. Baseman. 2002. 
Elongation factor Tu and E1 beta subunit of pyruvate dehydrogenase complex 
act as fibronectin binding proteins in Mycoplasma pneumoniae. Mol Microbiol 
46:1041-51. 

33. Datsenko, K. A., and B. L. Wanner. 2000. One-step inactivation of 
chromosomal genes in Escherichia coli K-12 using PCR products. Proc Natl 
Acad Sci U S A 97:6640-5. 

34. de Jong, H. K., C. M. Parry, T. van der Poll, and W. J. Wiersinga. 2012. Host-
pathogen interaction in invasive salmonellosis. PLoS Pathog 8:e1002933. 

35. Dougan, G., V. John, S. Palmer, and P. Mastroeni. 2011. Immunity to 
salmonellosis. Immunol Rev 240:196-210. 

36. Eckmann, L., and M. F. Kagnoff. 2001. Cytokines in host defense against 
Salmonella. Microbes Infect 3:1191-200. 

37. Eckmann, L., M. F. Kagnoff, and J. Fierer. 1993. Epithelial cells secrete the 
chemokine interleukin-8 in response to bacterial entry. Infect Immun 61:4569-74. 

38. Eisenstein, T. K., N. Dalal, L. Killar, J. C. Lee, and R. Schafer. 1988. 
Paradoxes of immunity and immunosuppression in Salmonella infection. Adv Exp 
Med Biol 239:353-66. 

39. Ertelt, J. M., T. M. Johanns, M. A. Mysz, M. R. Nanton, J. H. Rowe, M. N. 
Aguilera, and S. S. Way. 2011. Selective culling of high avidity antigen-specific 
CD4+ T cells after virulent Salmonella infection. Immunology 134:487-97. 

40. Eswarappa, S. M., V. D. Negi, S. Chakraborty, B. K. Chandrasekhar Sagar, 
and D. Chakravortty. 2010. Division of the Salmonella-containing vacuole and 
depletion of acidic lysosomes in Salmonella-infected host cells are novel 
strategies of Salmonella enterica to avoid lysosomes. Infect Immun 78:68-79. 

41. Fidler, I. J., and P. C. Montgomery. 1972. Effects of L-asparaginase on 
lymphocyte surface and blastogenesis. Cancer Res 32:2400-6. 

42. Fidler, I. J., P. C. Montgomery, and J. P. Cesarini. 1973. Modification of 
surface topography of lymphocytes by L-asparaginase. Cancer Res 33:3176-80. 

43. Fields, P. I., R. V. Swanson, C. G. Haidaris, and F. Heffron. 1986. Mutants of 
Salmonella typhimurium that cannot survive within the macrophage are avirulent. 
Proc Natl Acad Sci U S A 83:5189-93. 

44. Fierer, J. 2001. Polymorphonuclear leukocytes and innate immunity to 
Salmonella infections in mice. Microbes Infect 3:1233-7. 

45. Figueira, R., and D. W. Holden. 2012. Functions of the Salmonella 
pathogenicity island 2 (SPI-2) type III secretion system effectors. Microbiology 
158:1147-61. 

46. Fontana, M. F., and R. E. Vance. 2011. Two signal models in innate immunity. 
Immunol Rev 243:26-39. 

47. Fox, C. J., P. S. Hammerman, and C. B. Thompson. 2005. Fuel feeds function: 
energy metabolism and the T-cell response. Nat Rev Immunol 5:844-52. 

48. Gama, J. A., S. S. Abby, S. Vieira-Silva, F. Dionisio, and E. P. Rocha. 2012. 
Immune subversion and quorum-sensing shape the variation in infectious dose 
among bacterial pathogens. PLoS Pathog 8:e1002503. 

49. Gao, L., and Y. Abu Kwaik. 2000. Hijacking of apoptotic pathwaysby bacterial 
pathogens. Microbes Infect 2:1705-19. 



	   133	  

50. Garai, P., D. P. Gnanadhas, and D. Chakravortty. 2012. Salmonella enterica 
serovars Typhimurium and Typhi as model organisms: Revealing paradigm of 
host-pathogen interactions. Virulence 3:377-88. 

51. Garcia-del Portillo, F. 2001. Salmonella intracellular proliferation: where, when 
and how? Microbes Infect 3:1305-1311. 

52. Gascoigne, N. R. 2008. Do T cells need endogenous peptides for activation? 
Nature Reviews Immunology 8:895-900. 

53. Ge, J., and F. Shao. 2011. Manipulation of host vesicular trafficking and innate 
immune defence by Legionella Dot/Icm effectors. Cell Microbiol 13:1870-80. 

54. Gebert, B., W. Fischer, E. Weiss, R. Hoffmann, and R. Haas. 2003. 
Helicobacter pylori vacuolating cytotoxin inhibits T lymphocyte activation. 
Science 301:1099-102. 

55. Gill, N., M. Wlodarska, and B. B. Finlay. 2011. Roadblocks in the gut: barriers 
to enteric infection. Cell Microbiol 13:660-9. 

56. Godinez, I., T. Haneda, M. Raffatellu, M. D. George, T. A. Paixao, H. G. 
Rolan, R. L. Santos, S. Dandekar, R. M. Tsolis, and A. J. Baumler. 2008. T 
cells help to amplify inflammatory responses induced by Salmonella enterica 
serotype Typhimurium in the intestinal mucosa. Infect Immun 76:2008-17. 

57. Gopinath, S., S. Carden, and D. Monack. 2012. Shedding light on Salmonella 
carriers. Trends Microbiol 20:320-7. 

58. Granato, D., G. E. Bergonzelli, R. D. Pridmore, L. Marvin, M. Rouvet, and I. 
E. Corthesy-Theulaz. 2004. Cell surface-associated elongation factor Tu 
mediates the attachment of Lactobacillus johnsonii NCC533 (La1) to human 
intestinal cells and mucins. Infect Immun 72:2160-9. 

59. Griffin, A. J., and S. J. McSorley. 2011. Generation of Salmonella-specific Th1 
cells requires sustained antigen stimulation. Vaccine 29:2697-704. 

60. Grossman, Z., B. Min, M. Meier-Schellersheim, and W. E. Paul. 2004. 
Concomitant regulation of T-cell activation and homeostasis. Nat Rev Immunol 
4:387-95. 

61. Haimovich, B., and M. M. Venkatesan. 2006. Shigella and Salmonella: death 
as a means of survival. Microbes Infect 8:568-77. 

62. Hill, D. J., N. J. Griffiths, E. Borodina, and M. Virji. 2010. Cellular and 
molecular biology of Neisseria meningitidis colonization and invasive disease. 
Clin Sci (Lond) 118:547-64. 

63. Hoertt, B. E., J. Ou, D. J. Kopecko, L. S. Baron, and R. L. Warren. 1989. 
Novel virulence properties of the Salmonella typhimurium virulence-associated 
plasmid: immune suppression and stimulation of splenomegaly. Plasmid 21:48-
58. 

64. Hofreuter, D., V. Novik, and J. E. Galan. 2008. Metabolic diversity in 
Campylobacter jejuni enhances specific tissue colonization. Cell Host Microbe 
4:425-33. 

65. Holz, L. E., A. Warren, D. G. Le Couteur, D. G. Bowen, and P. Bertolino. 
2010. CD8+ T cell tolerance following antigen recognition on hepatocytes. J 
Autoimmun 34:15-22. 



	   134	  

66. Hornef, M. W., M. J. Wick, M. Rhen, and S. Normark. 2002. Bacterial 
strategies for overcoming host innate and adaptive immune responses. Nat 
Immunol 3:1033-40. 

67. Huynh, K. K., and S. Grinstein. 2007. Regulation of vacuolar pH and its 
modulation by some microbial species. Microbiol Mol Biol Rev 71:452-62. 

68. Ibarra, J. A., and O. Steele-Mortimer. 2009. Salmonella--the ultimate insider. 
Salmonella virulence factors that modulate intracellular survival. Cell Microbiol 
11:1579-86. 

69. Iwamaru, Y., M. Miyake, J. Arii, Y. Tanabe, and M. Noda. 2001. An inhibitory 
factor for cell-free protein synthesis from Salmonella enteritidis exhibits 
cytopathic activity against Chinese hamster ovary cells. Microb Pathog 31:283-
93. 

70. Iwasaki, A., and R. Medzhitov. 2010. Regulation of adaptive immunity by the 
innate immune system. Science 327:291-5. 

71. Jantsch, J., D. Chikkaballi, and M. Hensel. 2011. Cellular aspects of immunity 
to intracellular Salmonella enterica. Immunol Rev 240:185-95. 

72. Jesenberger, V., K. J. Procyk, J. Yuan, S. Reipert, and M. Baccarini. 2000. 
Salmonella-induced caspase-2 activation in macrophages: a novel mechanism in 
pathogen-mediated apoptosis. J Exp Med 192:1035-46. 

73. Johanns, T. M., J. M. Ertelt, J. H. Rowe, and S. S. Way. 2010. Regulatory T 
cell suppressive potency dictates the balance between bacterial proliferation and 
clearance during persistent Salmonella infection. PLoS pathogens 6:e1001043. 

74. Johanns, T. M., J. M. Ertelt, J. H. Rowe, and S. S. Way. 2010. Regulatory T 
cell suppressive potency dictates the balance between bacterial proliferation and 
clearance during persistent Salmonella infection. PLoS Pathog 6. 

75. Johanns, T. M., C. Y. Law, L. A. Kalekar, H. O'Donnell, J. M. Ertelt, J. H. 
Rowe, and S. S. Way. 2011. Early eradication of persistent Salmonella infection 
primes antibody-mediated protective immunity to recurrent infection. Microbes 
Infect 13:322-30. 

76. Kaufmann, S. H. 1993. Immunity to intracellular bacteria. Annu Rev Immunol 
11:129-63. 

77. Kaufmann, S. H., B. Raupach, and B. B. Finlay. 2001. Introduction: 
microbiology and immunology: lessons learned from Salmonella. Microbes Infect 
3:1177-81. 

78. Kern, M., A. Popov, C. Kurts, J. L. Schultze, and P. A. Knolle. 2010. Taking 
off the brakes: T cell immunity in the liver. Trends Immunol 31:311-7. 

79. Killar, L. M., and T. K. Eisenstein. 1985. Immunity to Salmonella typhimurium 
infection in C3H/HeJ and C3H/HeNCrlBR mice: studies with an aromatic-
dependent live S. typhimurium strain as a vaccine. Infect Immun 47:605-12. 

80. Knodler, L. A., and B. B. Finlay. 2001. Salmonella and apoptosis: to live or let 
die? Microbes Infect 3:1321-6. 

81. Konradt, C., E. Frigimelica, K. Nothelfer, A. Puhar, W. Salgado-Pabon, V. di 
Bartolo, D. Scott-Algara, C. D. Rodrigues, P. J. Sansonetti, and A. Phalipon. 
2011. The Shigella flexneri type three secretion system effector IpgD inhibits T 
cell migration by manipulating host phosphoinositide metabolism. Cell Host 
Microbe 9:263-72. 



	   135	  

82. Kunert, A., J. Losse, C. Gruszin, M. Huhn, K. Kaendler, S. Mikkat, D. Volke, 
R. Hoffmann, T. S. Jokiranta, H. Seeberger, U. Moellmann, J. Hellwage, and 
P. F. Zipfel. 2007. Immune evasion of the human pathogen Pseudomonas 
aeruginosa: elongation factor Tuf is a factor H and plasminogen binding protein. 
J Immunol 179:2979-88. 

83. Lahiri, A., S. M. Eswarappa, P. Das, and D. Chakravortty. 2010. Altering the 
balance between pathogen containing vacuoles and lysosomes: a lesson from 
Salmonella. Virulence 1:325-9. 

84. Lahiri, A., N. Iyer, P. Das, and D. Chakravortty. 2010. Visiting the cell biology 
of Salmonella infection. Microbes Infect 12:809-18. 

85. Lapaque, N., J. L. Hutchinson, D. C. Jones, S. Meresse, D. W. Holden, J. 
Trowsdale, and A. P. Kelly. 2009. Salmonella regulates polyubiquitination and 
surface expression of MHC class II antigens. Proc Natl Acad Sci U S A 
106:14052-7. 

86. Lawley, T. D., K. Chan, L. J. Thompson, C. C. Kim, G. R. Govoni, and D. M. 
Monack. 2006. Genome-wide screen for Salmonella genes required for long-
term systemic infection of the mouse. PLoS pathogens 2:e11. 

87. Lawley, T. D., K. Chan, L. J. Thompson, C. C. Kim, G. R. Govoni, and D. M. 
Monack. 2006. Genome-wide screen for Salmonella genes required for long-
term systemic infection of the mouse. PLoS Pathog 2:e11. 

88. Le Bourhis, L., J. G. Magalhaes, T. Selvanantham, L. H. Travassos, K. 
Geddes, J. H. Fritz, J. Viala, K. Tedin, S. E. Girardin, and D. J. Philpott. 2009. 
Role of Nod1 in mucosal dendritic cells during Salmonella pathogenicity island 1-
independent Salmonella enterica serovar Typhimurium infection. Infect Immun 
77:4480-6. 

89. Leber, J. H., G. T. Crimmins, S. Raghavan, N. P. Meyer-Morse, J. S. Cox, and 
D. A. Portnoy. 2008. Distinct TLR- and NLR-mediated transcriptional responses 
to an intracellular pathogen. PLoS Pathog 4:e6. 

90. Lee, S. J., J. B. McLachlan, J. R. Kurtz, D. Fan, S. E. Winter, A. J. Baumler, 
M. K. Jenkins, and S. J. McSorley. 2012. Temporal expression of bacterial 
proteins instructs host CD4 T cell expansion and Th17 development. PLoS 
Pathog 8:e1002499. 

91. Lindgren, S. W., I. Stojiljkovic, and F. Heffron. 1996. Macrophage killing is an 
essential virulence mechanism of Salmonella typhimurium. Proc Natl Acad Sci U 
S A 93:4197-201. 

92. Luu, R. A., K. Gurnani, R. Dudani, R. Kammara, H. van Faassen, J. C. Sirard, 
L. Krishnan, and S. Sad. 2006. Delayed expansion and contraction of CD8+ T 
cell response during infection with virulent Salmonella typhimurium. J Immunol 
177:1516-25. 

93. MacFarlane, A. S., M. G. Schwacha, and T. K. Eisenstein. 1999. In vivo 
blockage of nitric oxide with aminoguanidine inhibits immunosuppression induced 
by an attenuated strain of Salmonella typhimurium, potentiates Salmonella 
infection, and inhibits macrophage and polymorphonuclear leukocyte influx into 
the spleen. Infect Immun 67:891-8. 

94. Marcus, S. L., J. H. Brumell, C. G. Pfeifer, and B. B. Finlay. 2000. Salmonella 
pathogenicity islands: big virulence in small packages. Microbes Infect 2:145-56. 



	   136	  

95. Masopust, D., and L. J. Picker. 2012. Hidden memories: frontline memory T 
cells and early pathogen interception. J Immunol 188:5811-7. 

96. Mastroeni, P., A. Grant, O. Restif, and D. Maskell. 2009. A dynamic view of the 
spread and intracellular distribution of Salmonella enterica. Nat Rev Microbiol 
7:73-80. 

97. Mastroeni, P., and M. Sheppard. 2004. Salmonella infections in the mouse 
model: host resistance factors and in vivo dynamics of bacterial spread and 
distribution in the tissues. Microbes Infect 6:398-405. 

98. Mastroeni, P., B. Villarreal-Ramos, and C. E. Hormaeche. 1993. 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 
61:3981-4. 

99. Matsui, K. 1996. A purified protein from Salmonella typhimurium inhibits 
proliferation of murine splenic anti-CD3 antibody-activated T-lymphocytes. FEMS 
Immunol Med Microbiol 14:121-7. 

100. Matsui, K. 1996. Purified protein from Salmonella typhimurium inhibits the 
interleukin-2 response of murine splenic T-lymphocytes activated with anti-CD3 
antibody. Microbiol Immunol 40:681-4. 

101. Mazurkiewicz, P., J. Thomas, J. A. Thompson, M. Liu, L. Arbibe, P. 
Sansonetti, and D. W. Holden. 2008. SpvC is a Salmonella effector with 
phosphothreonine lyase activity on host mitogen-activated protein kinases. Mol 
Microbiol 67:1371-83. 

102. McCormick, B. A., S. P. Colgan, C. Delp-Archer, S. I. Miller, and J. L. 
Madara. 1993. Salmonella typhimurium attachment to human intestinal epithelial 
monolayers: transcellular signalling to subepithelial neutrophils. J Cell Biol 
123:895-907. 

103. McGourty, K., T. L. Thurston, S. A. Matthews, L. Pinaud, L. J. Mota, and D. 
W. Holden. 2012. Salmonella inhibits retrograde trafficking of mannose-6-
phosphate receptors and lysosome function. Science 338:963-7. 

104. McSorley, S. J., S. Asch, M. Costalonga, R. L. Reinhardt, and M. K. Jenkins. 
2002. Tracking salmonella-specific CD4 T cells in vivo reveals a local mucosal 
response to a disseminated infection. Immunity 16:365-77. 

105. Medzhitov, R. 2001. Toll-like receptors and innate immunity. Nat Rev Immunol 
1:135-45. 

106. Mitchell, E. K., P. Mastroeni, A. P. Kelly, and J. Trowsdale. 2004. Inhibition of 
cell surface MHC class II expression by Salmonella. Eur J Immunol 34:2559-67. 

107. Mittrucker, H. W., and S. H. Kaufmann. 2000. Immune response to infection 
with Salmonella typhimurium in mice. J Leukoc Biol 67:457-63. 

108. Mittrucker, H. W., A. Kohler, and S. H. Kaufmann. 2002. Characterization of 
the murine T-lymphocyte response to Salmonella enterica serovar Typhimurium 
infection. Infect Immun 70:199-203. 

109. Mittrucker, H. W., A. Kohler, and S. H. Kaufmann. 2002. Characterization of 
the murine T-lymphocyte response to Salmonella enterica serovar Typhimurium 
infection. Infection and immunity 70:199-203. 



	   137	  

110. Mittrucker, H. W., B. Raupach, A. Kohler, and S. H. Kaufmann. 2000. Cutting 
edge: role of B lymphocytes in protective immunity against Salmonella 
typhimurium infection. J Immunol 164:1648-52. 

111. Mogensen, T. H. 2009. Pathogen recognition and inflammatory signaling in 
innate immune defenses. Clin Microbiol Rev 22:240-73, Table of Contents. 

112. Monack, D. M. 2012. Salmonella persistence and transmission strategies. Curr 
Opin Microbiol 15:100-7. 

113. Monack, D. M., C. S. Detweiler, and S. Falkow. 2001. Salmonella pathogenicity 
island 2-dependent macrophage death is mediated in part by the host cysteine 
protease caspase-1. Cell Microbiol 3:825-37. 

114. Monack, D. M., A. Mueller, and S. Falkow. 2004. Persistent bacterial infections: 
the interface of the pathogen and the host immune system. Nat Rev Microbiol 
2:747-65. 

115. Monack, D. M., W. W. Navarre, and S. Falkow. 2001. Salmonella-induced 
macrophage death: the role of caspase-1 in death and inflammation. Microbes 
Infect 3:1201-12. 

116. Monack, D. M., B. Raupach, A. E. Hromockyj, and S. Falkow. 1996. 
Salmonella typhimurium invasion induces apoptosis in infected macrophages. 
Proc Natl Acad Sci U S A 93:9833-8. 

117. Murphy, K., Travers, P., Walport, M. 2008. Janeway's Immunobiology, 7th 
edition ed, vol. Gralnad Science, Taylor & Francis, LLC, New York, NY. 

118. Nanton, M. R., S. S. Way, M. J. Shlomchik, and S. J. McSorley. 2012. Cutting 
Edge: B Cells Are Essential for Protective Immunity against Salmonella 
Independent of Antibody Secretion. J Immunol. 189:5503-5507. 

119. Navarre, W. W., T. A. Halsey, D. Walthers, J. Frye, M. McClelland, J. L. 
Potter, L. J. Kenney, J. S. Gunn, F. C. Fang, and S. J. Libby. 2005. Co-
regulation of Salmonella enterica genes required for virulence and resistance to 
antimicrobial peptides by SlyA and PhoP/PhoQ. Mol Microbiol 56:492-508. 

120. Ohl, M. E., and S. I. Miller. 2001. Salmonella: a model for bacterial 
pathogenesis. Annu Rev Med 52:259-74. 

121. Oo, Y. H., S. Shetty, and D. H. Adams. 2010. The role of chemokines in the 
recruitment of lymphocytes to the liver. Dig Dis 28:31-44. 

122. Osborne, S. E., and B. K. Coombes. 2011. Transcriptional priming of 
Salmonella Pathogenicity Island-2 precedes cellular invasion. PLoS One 
6:e21648. 

123. Parish, C. R., M. H. Glidden, B. J. Quah, and H. S. Warren. 2009. Use of the 
intracellular fluorescent dye CFSE to monitor lymphocyte migration and 
proliferation. Curr Protoc Immunol Chapter 4:Unit4 9. 

124. Parker, G. A., and C. A. Picut. 2012. Immune functioning in non lymphoid 
organs: the liver. Toxicol Pathol 40:237-47. 

125. Patel, J. C., and J. E. Galan. 2005. Manipulation of the host actin cytoskeleton 
by Salmonella--all in the name of entry. Curr Opin Microbiol 8:10-5. 

126. Peeling, R. W., and E. W. Hook, 3rd. 2006. The pathogenesis of syphilis: the 
Great Mimicker, revisited. J Pathol 208:224-32. 



	   138	  

127. Phalipon, A., and P. J. Sansonetti. 2007. Shigella's ways of manipulating the 
host intestinal innate and adaptive immune system: a tool box for survival? 
Immunol Cell Biol 85:119-29. 

128. Pieters, R., S. P. Hunger, J. Boos, C. Rizzari, L. Silverman, A. Baruchel, N. 
Goekbuget, M. Schrappe, and C. H. Pui. 2011. L-asparaginase treatment in 
acute lymphoblastic leukemia: a focus on Erwinia asparaginase. Cancer 
117:238-49. 

129. Pizarro-Cerda, J., and P. Cossart. 2006. Subversion of cellular functions by 
Listeria monocytogenes. J Pathol 208:215-23. 

130. Powell, J. D., and G. M. Delgoffe. 2010. The mammalian target of rapamycin: 
linking T cell differentiation, function, and metabolism. Immunity 33:301-11. 

131. Prager, M. D., and I. Derr. 1971. Metabolism of asparagine, aspartate, 
glutamine, and glutamate in lymphoid tissue: basis for immunosuppression by L-
asparaginase. J Immunol 106:975-9. 

132. Pujol, C., and J. B. Bliska. 2003. The ability to replicate in macrophages is 
conserved between Yersinia pestis and Yersinia pseudotuberculosis. Infect 
Immun 71:5892-9. 

133. Qimron, U., N. Madar, H. W. Mittrucker, A. Zilka, I. Yosef, N. Bloushtain, S. 
H. Kaufmann, I. Rosenshine, R. N. Apte, and A. Porgador. 2004. Identification 
of Salmonella typhimurium genes responsible for interference with peptide 
presentation on MHC class I molecules: Deltayej Salmonella mutants induce 
superior CD8+ T-cell responses. Cell Microbiol 6:1057-70. 

134. Quintela, J. C., M. A. de Pedro, P. Zollner, G. Allmaier, and F. Garcia-del 
Portillo. 1997. Peptidoglycan structure of Salmonella typhimurium growing within 
cultured mammalian cells. Mol Microbiol 23:693-704. 

135. Radolf, J. D. 1995. Treponema pallidum and the quest for outer membrane 
proteins. Mol Microbiol 16:1067-73. 

136. Raupach, B., and S. H. Kaufmann. 2001. Bacterial virulence, proinflammatory 
cytokines and host immunity: how to choose the appropriate Salmonella vaccine 
strain? Microbes Infect 3:1261-9. 

137. Richter-Dahlfors, A., A. M. Buchan, and B. B. Finlay. 1997. Murine 
salmonellosis studied by confocal microscopy: Salmonella typhimurium resides 
intracellularly inside macrophages and exerts a cytotoxic effect on phagocytes in 
vivo. J Exp Med 186:569-80. 

138. Ruby, T., L. McLaughlin, S. Gopinath, and D. Monack. 2012. Salmonella's 
long-term relationship with its host. FEMS Microbiol Rev 36:600-15. 

139. Sad, S., R. Dudani, K. Gurnani, M. Russell, H. van Faassen, B. Finlay, and L. 
Krishnan. 2008. Pathogen proliferation governs the magnitude but compromises 
the function of CD8 T cells. J Immunol 180:5853-61. 

140. Sanjuan, M. A., S. Milasta, and D. R. Green. 2009. Toll-like receptor signaling 
in the lysosomal pathways. Immunol Rev 227:203-20. 

141. Santiviago, C. A., M. M. Reynolds, S. Porwollik, S. H. Choi, F. Long, H. L. 
Andrews-Polymenis, and M. McClelland. 2009. Analysis of pools of targeted 
Salmonella deletion mutants identifies novel genes affecting fitness during 
competitive infection in mice. PLoS Pathog 5:e1000477. 



	   139	  

142. Santos, R. L., M. Raffatellu, C. L. Bevins, L. G. Adams, C. Tukel, R. M. 
Tsolis, and A. J. Baumler. 2009. Life in the inflamed intestine, Salmonella style. 
Trends Microbiol 17:498-506. 

143. Schumacher, T. N., C. Gerlach, and J. W. van Heijst. 2010. Mapping the life 
histories of T cells. Nat Rev Immunol 10:621-31. 

144. Scotti, C., P. Sommi, M. V. Pasquetto, D. Cappelletti, S. Stivala, P. Mignosi, 
M. Savio, L. R. Chiarelli, G. Valentini, V. M. Bolanos-Garcia, D. S. Merrell, S. 
Franchini, M. L. Verona, C. Bolis, E. Solcia, R. Manca, D. Franciotta, A. 
Casasco, P. Filipazzi, E. Zardini, and V. Vannini. 2010. Cell-cycle inhibition by 
Helicobacter pylori L-asparaginase. PLoS One 5:e13892. 

145. Segal, A. W. 2005. How neutrophils kill microbes. Annu Rev Immunol 23:197-
223. 

146. Shi, Y. 2002. Mechanisms of caspase activation and inhibition during apoptosis. 
Mol Cell 9:459-70. 

147. Shibayama, K., H. Takeuchi, J. Wachino, S. Mori, and Y. Arakawa. 2011. 
Biochemical and pathophysiological characterization of Helicobacter pylori 
asparaginase. Microbiol Immunol 55:408-17. 

148. Silva-Herzog, E., and C. S. Detweiler. 2008. Intracellular microbes and 
haemophagocytosis. Cell Microbiol 10:2151-8. 

149. Simon, R., S. M. Tennant, J. E. Galen, and M. M. Levine. 2011. Mouse models 
to assess the efficacy of non-typhoidal Salmonella vaccines: revisiting the role of 
host innate susceptibility and routes of challenge. Vaccine 29:5094-106. 

150. Srinivasan, A., J. Foley, R. Ravindran, and S. J. McSorley. 2004. Low-dose 
Salmonella infection evades activation of flagellin-specific CD4 T cells. J 
Immunol 173:4091-9. 

151. Srinivasan, A., and S. J. McSorley. 2007. Pivotal advance: exposure to LPS 
suppresses CD4+ T cell cytokine production in Salmonella-infected mice and 
exacerbates murine typhoid. J Leukoc Biol 81:403-11. 

152. Srinivasan, A., M. Nanton, A. Griffin, and S. J. McSorley. 2009. Culling of 
activated CD4 T cells during typhoid is driven by Salmonella virulence genes. J 
Immunol 182:7838-45. 

153. Stojiljkovic, I., A. J. Baumler, and F. Heffron. 1995. Ethanolamine utilization in 
Salmonella typhimurium: nucleotide sequence, protein expression, and 
mutational analysis of the cchA cchB eutE eutJ eutG eutH gene cluster. J 
Bacteriol 177:1357-66. 

154. Sundrud, M. S., V. J. Torres, D. Unutmaz, and T. L. Cover. 2004. Inhibition of 
primary human T cell proliferation by Helicobacter pylori vacuolating toxin (VacA) 
is independent of VacA effects on IL-2 secretion. Proc Natl Acad Sci U S A 
101:7727-32. 

155. Svensson, M., C. Johansson, and M. J. Wick. 2000. Salmonella enterica 
serovar typhimurium-induced maturation of bone marrow-derived dendritic cells. 
Infect Immun 68:6311-20. 

156. Tarlinton, D. 2006. B-cell memory: are subsets necessary? Nat Rev Immunol 
6:785-90. 

157. Thiennimitr, P., S. E. Winter, and A. J. Baumler. 2012. Salmonella, the host 
and its microbiota. Curr Opin Microbiol 15:108-14. 



	   140	  

158. Tiegs, G., and A. W. Lohse. 2010. Immune tolerance: what is unique about the 
liver. J Autoimmun 34:1-6. 

159. Tobar, J. A., L. J. Carreno, S. M. Bueno, P. A. Gonzalez, J. E. Mora, S. A. 
Quezada, and A. M. Kalergis. 2006. Virulent Salmonella enterica serovar 
typhimurium evades adaptive immunity by preventing dendritic cells from 
activating T cells. Infect Immun 74:6438-48. 

160. Tobar, J. A., P. A. Gonzalez, and A. M. Kalergis. 2004. Salmonella escape 
from antigen presentation can be overcome by targeting bacteria to Fc gamma 
receptors on dendritic cells. J Immunol 173:4058-65. 

161. Torres, V. J., S. E. VanCompernolle, M. S. Sundrud, D. Unutmaz, and T. L. 
Cover. 2007. Helicobacter pylori vacuolating cytotoxin inhibits activation-induced 
proliferation of human T and B lymphocyte subsets. J Immunol 179:5433-40. 

162. Tsolis, R. M., M. N. Xavier, R. L. Santos, and A. J. Baumler. 2011. How to 
become a top model: impact of animal experimentation on human Salmonella 
disease research. Infect Immun 79:1806-14. 

163. Underhill, D. M., and H. S. Goodridge. 2012. Information processing during 
phagocytosis. Nat Rev Immunol 12:492-502. 

164. van der Velden, A. W., A. J. Baumler, R. M. Tsolis, and F. Heffron. 1998. 
Multiple fimbrial adhesins are required for full virulence of Salmonella 
typhimurium in mice. Infect Immun 66:2803-8. 

165. van der Velden, A. W., M. K. Copass, and M. N. Starnbach. 2005. Salmonella 
inhibit T cell proliferation by a direct, contact-dependent immunosuppressive 
effect. Proc Natl Acad Sci U S A 102:17769-74. 

166. van der Velden, A. W., J. T. Dougherty, and M. N. Starnbach. 2008. Down-
modulation of TCR expression by Salmonella enterica serovar Typhimurium. J 
Immunol 180:5569-74. 

167. van der Velden, A. W., S. W. Lindgren, M. J. Worley, and F. Heffron. 2000. 
Salmonella pathogenicity island 1-independent induction of apoptosis in infected 
macrophages by Salmonella enterica serotype typhimurium. Infect Immun 
68:5702-9. 

168. van der Velden, A. W., M. Velasquez, and M. N. Starnbach. 2003. Salmonella 
rapidly kill dendritic cells via a caspase-1-dependent mechanism. J Immunol 
171:6742-9. 

169. van Endert, P., and J. A. Villadangos. 2007. Antigen processing and 
recognition. Curr Opin Immunol 19:63-5. 

170. VanCott, J. L., S. N. Chatfield, M. Roberts, D. M. Hone, E. L. Hohmann, D. W. 
Pascual, M. Yamamoto, H. Kiyono, and J. R. McGhee. 1998. Regulation of 
host immune responses by modification of Salmonella virulence genes. Nat Med 
4:1247-52. 

171. Vazquez-Torres, A., and F. C. Fang. 2001. Salmonella evasion of the NADPH 
phagocyte oxidase. Microbes Infect 3:1313-20. 

172. Viboud, G. I., and J. B. Bliska. 2005. Yersinia outer proteins: role in modulation 
of host cell signaling responses and pathogenesis. Annu Rev Microbiol 59:69-89. 

173. Wang, R. F., and S. R. Kushner. 1991. Construction of versatile low-copy-
number vectors for cloning, sequencing and gene expression in Escherichia coli. 
Gene 100:195-9. 



	   141	  

174. Waterman, S. R., and D. W. Holden. 2003. Functions and effectors of the 
Salmonella pathogenicity island 2 type III secretion system. Cell Microbiol 5:501-
11. 

175. Webb, S. A., and C. M. Kahler. 2008. Bench-to-bedside review: Bacterial 
virulence and subversion of host defences. Crit Care 12:234. 

176. Weiner, M. S., W. I. Waithe, and K. Hirschhorn. 1969. L-asparaginase and 
blastogenesis. Lancet 2:748. 

177. Wick, M. J. 2004. Living in the danger zone: innate immunity to Salmonella. Curr 
Opin Microbiol 7:51-7. 

178. Wick, M. J., C. V. Harding, N. J. Twesten, S. J. Normark, and J. D. Pfeifer. 
1995. The phoP locus influences processing and presentation of Salmonella 
typhimurium antigens by activated macrophages. Mol Microbiol 16:465-76. 

179. Winnen, B., M. C. Schlumberger, A. Sturm, K. Schupbach, S. Siebenmann, 
P. Jenny, and W. D. Hardt. 2008. Hierarchical effector protein transport by the 
Salmonella Typhimurium SPI-1 type III secretion system. PLoS One 3:e2178. 

180. Winter, S. E., A. M. Keestra, R. M. Tsolis, and A. J. Baumler. 2010. The 
blessings and curses of intestinal inflammation. Cell Host Microbe 8:36-43. 

181. Woodland, D. L., and J. E. Kohlmeier. 2009. Migration, maintenance and recall 
of memory T cells in peripheral tissues. Nat Rev Immunol 9:153-61. 

182. Yrlid, U., M. Svensson, A. Hakansson, B. J. Chambers, H. G. Ljunggren, and 
M. J. Wick. 2001. In vivo activation of dendritic cells and T cells during 
Salmonella enterica serovar Typhimurium infection. Infect Immun 69:5726-35. 

183. Yrlid, U., M. Svensson, A. Kirby, and M. J. Wick. 2001. Antigen-presenting 
cells and anti-Salmonella immunity. Microbes Infect 3:1239-48. 

184. Zehn, D., C. King, M. J. Bevan, and E. Palmer. 2012. TCR signaling 
requirements for activating T cells and for generating memory. Cell Mol Life Sci 
69:1565-75. 

185. Zhou, D., and J. Galan. 2001. Salmonella entry into host cells: the work in 
concert of type III secreted effector proteins. Microbes Infect 3:1293-8. 

 
 

 


	Part1
	Intro and Results
	Disco
	References

