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ABSTRACT 
Studies were conducted to characterize virulence-attenuated Listeria 

monocytogenes isolates carrying single nucleotide polymorphisms (SNPs) leading to a 

premature stop codon (PMSC) in the key virulence gene, inlA.  The virulence factor 

Internalin A (InlA; encoded by inlA), facilitates the uptake of L. monocytogenes by 

epithelial cells that express the human isoform of E-cadherin and allows for pathogen 

traversal across the intestinal barrier in order to establish a systemic infection.  

Previous studies have identified 18 naturally occurring inlA SNPs, to date, and have 

demonstrated that these mutations are responsible for attenuated mammalian 

virulence.  

L. monocytogenes contains at least two distinct subpopulations characterized 

by stark differences in pathogenic potential, including (i) a small subpopulation of 

epidemic clone strains, which have been linked to the majority of listeriosis cases and 

(ii) a significant subpopulation of strains commonly isolated from foods that carry 

virulence-attenuating (VA) SNPs in inlA.  These mutations therefore represent suitable 

genetic markers to identify L. monocytogenes isolates with attenuated virulence.  

Previously, we developed a multiplex single-nucleotide polymorphism genotyping 

assay capable of screening for the presence of all known VA SNPs in inlA (mutation 

types 1-18).  Briefly, the SNP genotyping assay relies on single-base-pair extension or 

“minisequencing”.  We previously used this assay to determine the prevalence of inlA 

PMSC mutations among a large representative collection of L. monocytogenes isolates 
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from ready-to-eat (RTE) foods and human listeriosis cases. Results showed that a 

significantly (P<0.0001) greater proportion (45.0%) of isolates from RTE foods carry 

a VA SNP in inlA as compared to human clinical isolates (5.1%).  

Herein, we wanted to specifically investigate the prevalence of VA SNPs in 

inlA among L. monocytogenes isolates from environments associated with RTE food 

production and handling (i.e. processing plant and retail environments).  More than 

700 L. monocytogenes isolates from RTE food processing plant and retail 

environments from the U.S. were screened for the presence or absence of the seven 

most common VA SNPs in inlA in the U.S. (mutation types 1-7).  Mutation types 8-18 

were not investigated due to their underrepresentation in the U.S. (e.g. from 252 food 

and human isolates found to carry a VA SNP in inlA, only 4 isolates carried a mutation 

type belonging to types 8-18).  Overall, 26.4% of isolates from RTE food processing 

plant and 32.6% of isolates from retail environments carried a VA SNP in inlA.  Food 

contact surfaces sampled at retail establishments were significantly (P<0.0001) more 

likely to be contaminated by a L. monocytogenes isolate carrying a VA SNP in inlA 

(56% of 55 isolates) as compared to non-food contact surfaces (28% of 264 isolates).  

Overall, data obtained here, coupled with our previous work, indicate a significant 

proportion of L. monocytogenes isolated from RTE foods and food production and 

handling environments carry a VA SNP in inlA, and consequently, have a decreased 

ability to cause disease.   

The current L. monocytogenes risk assessment predicts that the average 

individual consumes a food serving containing low (< 1x103) or intermediate (between 
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1x103 and 1x106) levels of L. monocytogenes 19 and 2.4 times per year, respectively, 

without developing disease. This data, combined with the high prevalence of VA L. 

monocytogenes in foods and food-associated environments, led us to hypothesize that 

natural exposure to VA strains through consumption of contaminated food may confer 

protective population immunity against listeriosis and thus, current food safety 

measures to minimize exposure to any L. monocytogenes strain in food may have 

adverse epidemiological outcomes at the population level.  This hypothesis could 

additionally elucidate why declines in L. monocytogenes contamination of deli meats 

(a food vehicle responsible for almost 90% of human listeriosis cases) and the 

incidence of human disease have not paralleled each other despite considerable efforts 

by government and industry to prevent exposure to L. monocytogenes through 

contaminated food.  We therefore conducted studies to orally inoculate mice with a 

range of doses of a L. monocytogenes strain carrying a VA SNP in inlA, to assess the 

ability of these strains to (i) raise listeria-specific CD8+ T cell-mediated immune 

responses and (ii) confer protection against a subsequent challenge by a fully-virulent 

strain.  Results provided evidence that after exposure to L. monocytogenes carrying a 

VA SNP in inlA, there is an expansion of Listeria-specific CD8+ T effector cells that 

ultimately lead to a stably maintained pool of central memory CD8+ T cells capable of 

providing long-term immunity. Overall, level of immune protection was dependent on 

dose of initial exposure. Data from the vaccine challenge study demonstrated that 

protection could be provided by L. monocytogenes carrying a VA SNP in inlA at 

higher inoculum levels pertaining to relevant doses of VA strains per food serving 
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(e.g. 2x105 CFU/serving to 1.36x106 CFU/serving); these primary inoculum levels 

proved to provide protective immunity in both the vaccine challenge model and CD8+ 

T cell model.  At lower exposure doses relevant to food contamination with fully-

virulent strains (e.g. 2x103 CFU), however, protection was not provided, which could 

indicate more virulent strains of L. monocytogenes in the food supply might not play 

as great of role in priming our immune systems to subsequent infection, and VA 

strains may play a larger role in immune priming since we previously determined they 

are frequently isolated from foods, and overall, at significantly higher levels of 

contamination (>10,000-fold higher than fully-virulent strains). This confirms that 

memory CD8+ T cells generated by VA strains are capable of providing protective 

immunity at levels they are commonly isolated from foods and that lack of a 

functional InlA protein does not impair protection against a secondary L. 

monocytogenes infection. Ultimately, these results will provide critical data for 

revision of current and development of future risk assessments and regulatory 

initiatives regarding the presence of L. monocytogenes in RTE foods. 
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CHAPTER 1 

Listeria monocytogenes friend or foe: an overview of factors and trends potentially 
influencing population immunity 

I. Foodborne Illness in the United States 
Foodborne illnesses bear a substantial public health, economic and emotional 

burden on the United States (U.S.) population. In 2011, the Centers for Disease Control 

and Prevention (CDC) published comprehensive estimates of the incidence of foodborne 

illness in the U.S. (Scallan et al., 2011). These estimates are important to direct food 

safety policy and to guide allocation of resources and prioritize interventions. This study 

utilized data collected from various active surveillance systems and adjusted for 

underreporting and underdiagnosis due to only a small proportion of illnesses being 

laboratory-confirmed and reported to public health agencies.  For an illness to be reported 

through laboratory-based surveillance, the ill person must seek medical attention, a 

sample must be submitted for testing, and the lab must test and identify the causative 

agent and subsequently report results to public health authorities. Therefore, to estimate 

the number of illnesses caused by pathogens under public health surveillance, the number 

of laboratory-confirmed illnesses are determined and then adjusted for underdiagnosis 

and underreporting by using a series of component multipliers to provide the most 

accurate estimates available. Through this, the authors estimated 31 major ‘known’ 

pathogens to be responsible for approximately 9.4 million cases of foodborne illness, 

55,961 hospitalizations, and 1,351 deaths, per year (Scallan et al., 2011). Listeria 

monocytogenes, Salmonella, and Escherichia coli O157:H7 were estimated to cause over 

a third of domestically acquired bacterial foodborne illnesses. Specifically, each pathogen 
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was attributed to the following foodborne disease cases and deaths, annually: L. 

monocytogenes - 1,591 cases and 255 deaths; non- typhoidal Salmonella - 1.03 million 

cases and 378 deaths; and E. coli O157:H7 - 63,153 cases and 20 deaths. In addition to 

emotional loss, foodborne illnesses also contribute to great economic losses, even in 

industrialized nations such as the U.S., who have access to one of the safest food 

supplies. According to Scharff (2012), the total annual health related cost of foodborne 

illness in the U.S. is an approximate $77.7 billion (Scharff, 2012). Approximately 90% of 

this cost of illness and loss of quality adjusted life years (QALY) is caused by five 

pathogens: nontyphoidal Salmonella enterica, Campylobacter spp., L. monocytogenes, 

Toxoplasma gondii, and norovirus. Salmonella and L. monocytogenes, have been 

projected to total $3.3 and $2.6 billion annually in the U.S., respectively, when medical 

costs are coupled with productivity losses and valuation of premature mortality 

(Hoffmann et al., 2012). Although not responsible for nearly the number of illnesses 

Salmonella causes per year, the large financial burden of L. monocytogenes can be 

explained by both the high hospitalization and death rate for listeriosis and significant 

cost of frequent food product recalls due to this pathogen. 

II. Listeria monocytogenes

IIa. Listeria Taxonomy 

The Listeria genus is quite diverse, including both pathogens and non-pathogens. 

L. innocua, L. seeligeri, L. welshimeri, and L. grayi are almost completely restricted to a 

saprophytic environmental lifestyle, while L. ivanovii and L. monocytogenes are 

classified as opportunistic pathogens.  Recently, seven additional non-pathogenic species 
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have been identified, including L. marthii, and L. rocourtiae (Graves et al., 2010; 

Leclercq et al., 2009), and five new species: L. aquatica, L. floridensis, L. cornellensis, L. 

grandensis, and L. riparia, identified just this year (den Bakker et al., 2014). 

Interestingly, a comparative genomics study by den Bakker and colleagues (2010) 

proposed that the Listeria genome evolved through a loss of virulence rather than via 

acquisition of virulence.  The proposal suggests that modern Listeria spp. diverged from 

a common pathogenic ancestor and that evolution of this genus is associated with a shift 

to a saprophytic lifestyle (den Bakker et al., 2010). While some species (i.e. L. ivanovii, 

L. grayi, L. seeligeri and L. innocua) have been associated with human illness on very 

rare occasions, L. monocytogenes is the only human pathogen of significant public health 

concern (Guillet et al., 2010; Perrin et al., 2003; Rapose et al., 2008; Rocourt et al., 1986; 

Vasquez-Boland et al., 2001).  

 

IIb. Domestic public health burden of Listeria monocytogenes 

Listeria monocytogenes is a gram-positive, facultative, intracellular pathogen that 

is the etiological agent of the human foodborne disease, listeriosis. Invasive listeriosis 

may lead to life-threatening conditions, such as septicemia, meningitis, encephalitis, and 

spontaneous abortions or stillbirths in pregnant women (Schlech, 2000).  Individuals with 

immune-compromising circumstances (e.g., cancer, organ transplant, and HIV-infected 

or AIDS patients), the elderly, young children, and pregnant women and their fetuses, are 

the most susceptible to a systemic L. monocytogenes infection leading to invasive 

listeriosis (Vazquez-Boland et al., 2001). As mentioned above, a recent estimate of 

foodborne illness in the U.S. showed an approximate 1,591 domestically acquired 
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foodborne illnesses can be attributed to invasive L. monocytogenes, annually. While 

listeriosis cases are relatively rare compared to the incidence of other foodborne illnesses, 

such as salmonellosis, listeriosis cases frequently lead to hospitalization (94%) and often 

result in death (16%) (Scallan et al., 2011).  In addition, listeriosis was projected to be 

responsible for nearly 20% of all deaths attributed to known pathogens in the United 

States per annum, ranking it third in leading causes of foodborne associated deaths 

(Scallan et al., 2011), and supporting listeriosis as a significant public health concern in 

the United States.  

 

IIc. Virulence and pathogenicity of Listeria monocytogenes 

L. monocytogenes has the ability to cross three biologically important barriers in 

humans and animals: the intestinal, blood-brain, and fetoplacental barriers.  As a 

facultative intracellular pathogen, L. monocytogenes is capable of inducing its own 

uptake into non-phagocytic cells and spreading from cell to cell within a host.  Genes 

encoded on the Listeria pathogenicity island 1 (i.e., hly, plcA, plcB, actA, mpl and prfA), 

as well as the comprehensively-characterized internalin genes (i.e., inlA and inlB), 

facilitate systemic spread of the organism, making them important L. monocytogenes 

virulence factors (Kreft and Vazquez-Boland, 2001). Positive Regulatory Factor A 

(PrfA), specifically, is responsible for activation of the transcription of genes located on 

the Listeria pathogenicity island 1 and the inlAB operon and thus serves as the master 

regulator of L. monocytogenes virulence (Vazquez-Boland et al., 2001).   
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L. monocytogenes must first traverse the intestinal border to cause a systemic 

infection. L. monocytogenes utilizes Internalin A (InlA), an extracellular protein that 

functionally mimics host ligands and binds to the host-cell receptor, E-cadherin (Cossart 

and Lecuit, 1998). E-cadherin is an adhesion protein that induces uptake of L. 

monocytogenes into nonphagocytic cells; it is present on the surface of hepatocytes, 

dendritic cells, and epithelial cells, all of which are potential targets during L. 

monocytogenes infection (Cossart and Lecuit, 1998; Geiger and Ayalon, 1992). Notably, 

the InlA protein was among the first virulence factors identified that mediate L. 

monocytogenes internalization (Dramsi et al., 1995; Gaillard et al., 1991); it belongs to a 

group of proteins known as the internalins, which are characterized by the presence of 

leucine-rich repeats (LRRs) (Cabanes et al., 2002). InlA is an 800-amino-acid (aa) 

molecule (Dramsi et al., 1993), consisting of 15 LRRs, and an inter-repeat (IR) region 

(Lecuit et al., 1997). Further downstream of the LLR and IR is a C-terminal LPXTG cell 

wall anchor motif responsible for attachment of InlA to the bacterial cell peptidoglycan 

layer (Dhar et al., 2000). InlA interacts with the ectodomain of E-cadherin via its LRR 

region, leading to bacterial adherence, while cellular entry is mediated by interaction of 

InlA with the intra-cytoplasmic domain of E-cadherin, leading to an actin cytoskeleton 

rearrangement responsible for bacterial uptake (Lecuit et al., 1999; Lecuit et al., 2000).  

After internalization into the host cell, L. monocytogenes uses several virulence 

factors to escape the phagocytic vacuole; the pore forming cytolysin Listerioysin O 

(LLO) encoded by hlyA and phospholipases encoded by plcA/plcB enable the escape of 

the vacuole to avoid intracellular killing (Portnoy et al., 1998; Portnoy et al. 2002; 

Vasquez-Boland et al. 2001).  LLO is a toxin that forms pores at a low pH in cell 
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membranes containing cholesterol; thus, LLO activity is reduced upon entry of the 

neutral pH of the host cell cytosol, preventing LLO from forming pores in the host cell 

membrane. Phospholipase C (PlcA; encoded by plcA) and Phospholipase B (PlcB; 

encoded by plcB) act along side LLO to lyse the primary and secondary vacuoles 

(Camilli et al., 1993; Gedde et al., 2000). L. monocytogenes invasion of the cytosol 

triggers the innate inflammatory responses and is a key aspect in the development of a 

potent CD8 T cell response, and thus protective immunity to L. monocytogenes. L. 

monocytogenes strains deficient in the LLO protein are unable to induce protective 

immunity because cells fail to escape from the vacuole (Berche et al., 1987).  After 

replication in the cytosol, ActA (encoded by actA) initiates polymerization of host cell 

actin and organization of this actin forms ‘comet-like’ actin tails. This facilitates the 

intracellular spread of L. monocytogenes (Dussurget et al., 2004). L. monocytogenes cells 

are propelled throughout the host cell by these actin tails and form protrusions that 

become engulfed by neighboring cells in a double-layered vacuole, permitting evasion of 

the extracellular environments and thus several lines of host immune defenses including 

antibody, complement, and neutrophils (Kocks et al., 1992).  

 

IId. Animal models for Listeria monocytogenes infection 

The native isoform of E-cadherin found in mice and rats differs from the human 

isoform of E-cadherin by a single amino acid; this substitution (glutamic acid for proline) 

at amino acid 16 prohibits InlA from efficiently binding to E-cadherin and consequently, 

the natural oral route of L. monocytogenes infection is not sufficient to cause disease in 
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these animals (Lecuit et al., 1999).  The presence of a proline at position 16 of E-cadherin 

in humans allows the terminal loop of E-cadherin to be hydrophobic and uncharged, 

therefore strengthening the InlA interaction (Bonazzi et al., 2009). As in humans, the 

guinea pig and gerbil isoform of E-cadherin harbors a proline at amino acid 16 and hence 

interacts with InlA. Both infection models have shown that InlA mediates L. 

monocytogenes entry into enterocytes and crossing of the intestinal barrier allowing 

infection through the natural oral route (Disson et al., 2009; Lecuit et al., 2001). 

However, the guinea pig infection model is limited by a lack of species specificity with 

Internalin B (InlB, encoded by inlB) (Khelef et al., 2006), another L. monocytogenes 

virulence factor that has been shown to play an important role in the ability of L. 

monocytogenes to enter a broader array of cell types (i.e., hepatocytes, some epithelial, 

and endothelial cell lines). Rats, mice and gerbils however, express the human isoform of 

the receptor for InlB, hepatocyte growth factor receptor Met (Braun et al., 2000; Shen et 

al., 2000). Both the guinea pig and gerbil infection model are limiting for immunological 

studies due to lack of available reagents, where as the mouse model has been used 

extensively to study Listeria immunology via intravenous infection, which is a non-

natural route of infection (Cabanes et al, 2008). In the early 2000’s, a research group in 

France developed transgenic mice that express the human isoform of E-cadherin within 

intestinal enterocytes (Lecuit et al., 2001) and later on a transgenic mouse line that 

ubiquitously expresses the human E-cadherin isoform was developed (Disson et al., 

2008). However, more recently, genetic engineering approaches have focused on 

murinization of InlA by utilizing rational protein design to determine amino acid 

substitutions in InlA that allow for increased affinity for murine E-cadherin (Monk et al., 
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2010; Wollert et al., 2007).  Due to large expenses associated with transgenic mice and 

limited accessibility, the murinized L. monocytogenes strains hold promise in facilitating 

future studies using the mouse model when investigating immune responses through the 

natural oral exposure route. 

 

IIe. Listeria monocytogenes as a foodborne pathogen 

Considered abundant in nature, L. monocytogenes have been isolated from many 

different environments, including soil (Weis and Seeliger, 1975), water (Frances et al., 

1991; Watkins and Sleath, 1981), vegetation (Weis and Seeliger, 1975; Welshimer and 

Donker-Voet, 1971), sewage (Al-Ghazali et al., 1998; Watkins and Sleath, 1981), animal 

feeds (Wiedmann et al. 1996; Wiemann et al., 1997), farm environments (Fenlon et al., 

1996; Nightingale et al., 2004; Nightingale et al., 2005), and food-processing 

environments (Thimothe et al., 2004; Williams et al., 2011). Due to L. monocytogenes’ 

main reservoir being the natural environment, the pathogen can easily be introduced into 

food processing facilities through raw incoming materials. Foods consumed raw (e.g., 

produce, raw milk, cheeses) consequently carry inherent risk for L. monocytogenes 

contamination.  L. monocytogenes appears to have acquired a unique set of survival skills 

allowing it to persist in nature as an environmental pathogen (Czuprynski, 2005; Freitag 

et al., 2009).  As a hardy microorganism, L. monocytogenes is capable of adapting to 

extreme shifts in environmental temperature, salt concentrations, nutrient availability, and 

pH level (Chaturongakul et al., 2008). This adaptation to the environment provides a 

means for L. monocytogenes to contaminate and proliferate on food products and within 
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food production environments, despite the use of mitigation strategies such as common 

preservation methods, refrigeration temperatures, acids and sanitizers, that effectively 

limit other harmful microorganisms (Cole et al., 1990; Farber et al., 1991). L. 

monocytogenes is easily inactivated by thermal treatment, thereby the most common 

route of contamination is through contact with food-associated environments post-

lethality treatment. L. monocytogenes’ ability to tolerate intrinsic and extrinsic properties 

of foods typically used to control the growth of pathogens coupled with the route of 

which it becomes contaminated, highlights it as a major concern for the food industry and 

support that consumption of ready-to-eat (RTE) foods contaminated by L. monocytogenes 

represents a significant health concern for at risk populations.  As a result, thousands of 

cases of foodborne illnesses, and hundreds of hospitalizations and deaths, as well as some 

of the most expensive U.S. food recalls, have been linked to food contaminated with L. 

monocytogenes (CDC, 2011; Mead et al., 2006; Gottlieb et al., 2006; Lynch et al., 2006; 

Schwartz et al., 1988). Although L. monocytogenes is easily killed by adequate cooking 

and pasteurization, RTE foods can easily become cross contaminated via product 

exposure to the food processing plant environment following a lethality treatment, known 

as post-process contamination (Tomkin et al., 2002). Together, the foodborne route of L. 

monocytogenes transmission and severity of listeriosis provoked the establishment of 

strict regulations regarding the presence of L. monocytogenes in finished RTE foods in 

many countries, including a “zero tolerance” policy in the United States (Shank et al., 

1996).  

In response to the significant burden caused by E. coli O157, Salmonella and L. 

monocytogenes, aggressive efforts to reduce these organisms in the U.S. food supply 
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have been made, such as implementation of the Hazard Analysis Critical Control Point 

(HACCP) program.  HACCP is a systematic approach to controlling foodborne 

pathogens at the processing level and is required by The United States Food and Drug 

Administration (FDA) and The United States Department of Agriculture Food Safety and 

Inspection Service (USDA-FSIS) for producers of numerous food products. Specifically 

for L. monocytogenes, the FDA maintains a zero-tolerance policy for detection of this 

pathogen in RTE foods under its jurisdiction based on the Federal Food, Drug, and 

Cosmetic Act (FD&C Act; Section 402) (FDA, 2012). The USDA-FSIS, which regulates 

safety of meat and poultry product in the U.S., also maintains a zero-tolerance policy for 

detection of the organism in RTE meat and poultry products under the Federal Meat and 

Poultry Inspection Act (FMIA) (USDA, 2014). USDA-FSIS mandates zero-tolerance for 

two pathogens: (i) shiga toxin-producing E. coli (STEC) in raw components intended for 

production of non-intact beef products and (ii) L. monocytogenes in RTE meat and 

poultry products. USDA-FSIS requires testing for all components for the presence of 

STECs, whereas for L. monocytogenes, the agency implements a risk-based sampling 

scheme; lower risk products are sampled less frequency than high-risk products. The 

USDA-FSIS determines risk based on three alternatives from the compliance guidance 

document, “Listeria Control Rule”. This document requires facilities producing post-

lethality exposed RTE meat and poultry products to establish control measures for the 

pathogen through one of three alternatives:  (i) Alternative 1 (use of a post-lethality 

treatment (PLT) to reduce or eliminate L. monocytogenes and an antimicrobial agent or 

process (AMA/AMP) to suppress or limit its growth), (ii) Alternative 2 (use of a 

PLT or AMA/AMP for control), or (iii) Alternative 3 (no PLT or AMA/AMP is used; 
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control of the pathogen is achieved by sanitation only) (USDA, 2012). Products produced 

under alternative 1 are at lower risk compared to alternative 3 and thus less testing is 

required. Establishments producing products under Alternative 2b (AMA/AMP only) or 

Alternative 3 are additionally required to conduct regular testing of food contact surfaces 

(FCS) to verify environmental sanitation. To ensure compliance with the Listeria Control 

rule, FSIS conducts regular food safety assessments to determine if controls meet FSIS 

expectations, and performs routine testing for the pathogen via its ALLRTE, RTE001, 

and RLm sampling programs (USDA, 2012). According to the Listeria Rule, RTE 

products are considered adulterated if they are contaminated with L. monocytogenes or 

pass over a surface that is contaminated with L. monocytogenes. Also, holding and testing 

cannot be used as a means to release adulterated product (USDA, 2012). 

 

IIf. Epidemiology, ecology, and niche adaptation of Listeria monocytogenes 

Combined epidemiology and subtyping studies support that L. monocytogenes 

strains differ in their relative likelihood and ability to cause human listeriosis. More than 

90% of listeriosis cases have been attributed to only four (i.e., 1/2a, 1/2b, 1/2c and 4b) of 

the 13 L. monocytogenes serotypes (McLauchlin, 1990).  Through DNA band-based and 

sequence-based molecular subtyping, it has been determined that most L. monocytogenes 

isolates are grouped into two major genetic lineages (I and II), which differ greatly in 

their ecology (Gray et al., 2004; Nightingale et al., 2007b), with few isolates being 

grouped into minor lineages (III and IV), which are mostly associated with isolation from 

ruminants. Lineage I isolates consists of serotypes 1/2b, 3b, 3c, and 4b, and are 
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significantly overrepresented among human listeriosis cases as compared to lineage II 

isolates, despite an apparent increase in exposure to lineage II isolate through 

consumption of contaminated food (Gray et al., 2004; Jeffers et al., 2001; Nightingale et 

al., 2007b; Wiedmann et al., 1997).  Notably, a few highly clonal strains, termed 

epidemic clones (ECs) have been linked to the majority of listeriosis outbreaks and are 

overrepresented among sporadic listeriosis cases in the United States (Gray et al., 2004; 

Kathariou, 2002). Specifically, seven ECs have been identified, with the two most 

recently identified ECs being associated with the 2011 outbreak linked to cantaloupe 

(Chen et al., 2007; den Bakker et al., 2010; Knabel et al., 2012; Lomonaco et al., 2013).  

Subtypes associated with EC I, Ia (now IV), II, and III were found to be significantly 

overrepresented among clinical isolates when compared to isolates from foods (Gray et 

al., 2004). While ECs are overrepresented among human clinical cases, researchers have 

yet to determine a genetic mechanism responsible for their possibly enhanced virulence 

(Kathariou, 2002).  

Lineage II consists of serotypes 1/2a, 1/2c, and 3a, and is overrepresented in food, 

food-related, and natural environments (Gray et al., 2004; den Bakker et al., 2008; Orsi et 

al., 2011).  Although lineage II isolates can cause human disease, several molecular 

subtypes within lineage II have rarely or never been isolated from human clinical 

listeriosis cases (Gray et al., 2004).  While, genetic markers associated with enhanced 

virulence have not been identified, previous studies have identified at least 18 distinct 

virulence-attenuating single nucleotide polymorphisms (SNPs) in the virulence gene inlA 

(Felicio et al., 2007; Handa-Miya et al., 2007; Jacquet et al., 2004; Jonquieres et al., 

1998; Nightingale et al., 2005a; Nightingale et al., 2005b; Olier et al., 2002, Olier et al., 
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2003; Orsi et al., 2007; Ragon et al., 2008; Rousseaux et al., 2004; Van Stelten and 

Nightingale, 2008; Van Stelten et al., 2010, and Ward et al., 2010).  These virulence-

attenuating SNPs are overrepresented among EcoRI ribotypes associated with lineage II 

isolates and are more common among isolates from food in comparison to human clinical 

isolates (Van Stelten and Nightingale, 2008; Van Stelten et al., 2010). These mutations 

are located upstream of the LPXTG membrane-anchoring motif in InlA and protein 

analysis by Western immunoblotting assays confirmed that inlA SNPs lead to production 

of truncated and secreted forms of InlA (or resulted in complete loss of InlA production), 

rather than anchoring the protein to the bacterial cell wall (Nightingale et al., 2005; Orsi 

et al., 2007). Notably, InlA SNPs are causally associated with impaired invasion of 

human intestinal epithelial cells and attenuated-virulence in the guinea pig disease model 

(Nightingale et al., 2008). Paired isogenic mutants representing the most common L. 

monocytogenes strains carrying a PMSC in inlA were constructed. Natural L. 

monocytogenes strains carrying a PMSC mutation were reverted to encode a full-length 

InlA and inlA PMSC mutations were introduced into wildtype fully invasive L. 

monocytogenes isolates with the same genetic background. Oral guinea pig challenge 

experiments with this set of mutants confirmed that PMSC mutations in inlA are causally 

associated with attenuated mammalian virulence (Nightingale et al., 2008).  A more 

recent study by our research group further looked at defining strain-specific infectious 

doses for a fully-virulent and natural virulence-attenuated (carrying an inlA SNP) L. 

monocytogenes strain required to establish a systemic infection.  From this study, dose 

response modeling for combined organ data showed an approximate 1.3 log10 shift 

between strains in the dose-response curve, with relation to the median infectious dose 
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(ID50), for the virulence-attenuated strain carrying an inlA SNP relative to the fully-

virulent strain.  Taken together, L. monocytogenes strains show notable differences in 

infectious dose required to cause a systemic infection (Van Stelten et al., 2011). 

While the current U.S. Food and Drug Administration (FDA) – U.S. Department 

of Agriculture Food Safety Inspection Services (USDA-FSIS) - Centers for Disease 

Control and Prevention (CDC) L. monocytogenes risk assessment assumes a single L. 

monocytogenes population with some variation in virulence is present in RTE foods, it is 

clear that L. monocytogenes strains differ in their relative likelihood and ability to cause 

disease.  Our research group screened a large representative collection of >1,000 L. 

monocytogenes isolates from RTE foods and human listeriosis cases for the presence of 

all known virulence-attenuating SNPs in inlA and results showed a greater proportion of 

isolates from RTE foods (>45.0%) carry a mutation in inlA as compared to human 

clinical isolates (<5%) (Van Stelten et al., 2010).  Therefore, a significant population of 

L. monocytogenes we are exposed to, through consumption of contaminated foods, have a 

decreased ability to cause disease. The L. monocytogenes risk assessment also identified 

deli meats as the overwhelmingly most common food responsible for listeriosis (with 

nearly 90% of cases attributed to deli meats). However, declines in the incidence of 

listeriosis have not been as significant as expected based on observed reductions in the 

prevalence of L. monocytogenes in deli meats. Specifically, the prevalence of L. 

monocytogenes in deli meats has been reduced by more than 9-fold (from 2.54% in 1998 

to 0.28% in 2010), while the incidence of listeriosis has not yet even been reduced by half 

(from 5 cases/1,000,000 in 1996 to 2.6 cases/1,000,000 in 2014) (CDC, 2014; USDA-

FSIS, 2010). Our research group probed the proportion of L. monocytogenes with or 
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without virulence-attenuating SNPs in inlA among isolates from different categories of 

RTE foods (i.e., bagged salads, cheeses, smoked seafood, seafood and deli salads, and 

deli meats) (Van Stelten et al., 2010).  Interestingly, deli meats included a marginally 

higher proportion of isolates carrying a virulence-attenuating SNP in inlA as compared to 

other food categories.  Also, when investigating the distribution of EC strains (EC I, Ia, 

II, and III) among these food categories, an overrepresentation of these virulent strains 

was observed in the deli/seafood salads category and an underrepresentation within the 

smoked seafood category, was observed. Moreover, the L. monocytogenes risk 

assessment was developed with dose response data from mouse infection experiments, a 

model that as discussed above, is not appropriate to investigate InlA mediated virulence, 

and thus may overestimate the virulence of strains with SNPs in inlA and underestimate 

the virulence of EC strains.  

 

III. Immune responses to Listeria monocytogenes  
 

IIIa. Innate immunity 

L. monocytogenes is a model organism for studying immune response 

mechanisms.  The immune response against pathogens is comprised of two components: 

i) a rapid, antigen-nonspecific innate response, and ii) a delayed, antigen-specific 

acquired response. The well-characterized mouse model of L. monocytogenes infection 

has provided significant insight into the innate and adaptive cell mediated immunity 

yielded in response to bacterial infection.  Experiments utilizing gene knockout mice, 

neutralizing cytokines, or cell depleting antibodies have generated data allowing for a 
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better understanding of cytokine and cellular interactions required for innate resistance to 

primary L. monocytogenes infection, as well as specific T cell mediated responses, to 

both primary and secondary L. monocytogenes infection.  Notably, intravenous mouse 

challenge has been the model of choice for studying the immune response to L. 

monocytogenes due to the availability of inbred mice strains and mouse-specific reagents. 

Intravenous challenge of a mouse with a lethal dose of L. monocytogenes results in 

dissemination of the bacteria to the liver and spleen (Conlan and North, 1994; Portnoy et 

al., 1988), where the bacteria become internalized by resident macrophages. 

Alternatively, challenging mice with sub-lethal doses of L. monocytogenes results in 

clearance of the bacteria and protection against subsequent challenges (D’Orazio et al., 

2003). Development of a L. monocytogenes specific effector T cell response and 

differentiation of memory T cells is required to eliminate an infection and to provide 

protection against subsequent challenges (Zenewicz and Shen, 2007).   

The host response against L. monocytogenes involves a complex network between 

innate and adaptive immune elements (Harty et al., 1996; Harty and Bevan, 1999; 

Portnoy et al., 1992).  Innate immune responses mitigate systemic spread of bacteria 

through the production of cytokines and chemokines that control growth and 

dissemination of L. monocytogenes, and subsequently trigger the adaptive immune 

response, therefore aiding in prevention of a potentially fatal infection. Specifically, the 

innate immune response engages organized interaction between many cell types and the 

production of numerous cytokines (Edelson and Unanue, 2000). Neutrophils, 

macrophages, and Natural Killer (NK) cells producing interferon gamma (INF-γ) play a 

primary role in controlling growth during initial stages of infection, especially in the liver 
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(Dunn and North, 1991).  Upon a L. monocytogenes infection, neutrophils are rapidly 

recruited to the liver via interleukin 6 (IL-6) signals from infected hepatocytes and 

Kuppfer cells (liver-specific macrophages) (Bhardwaj et al., 1998).  Neutrophils, in turn, 

secrete chemokines such as colony stimulating factor 1 (CSF-1) and monocyte 

chemotactic protein 1 (MCP-1), which signal macrophages to traffic to the infectious 

foci.  Additionally, neutrophils play a key role in control of L. monocytogenes growth 

early in the infection process by their engulfment of L. monocytogenes and subsequent 

generation of reactive oxygen and nitrogen intermediates (Stavru et al., 2011).  Post-

listeriocidal activity, the neutrophil will die off and can present antigen to dendritic cells 

(DCs) via cross presentation (Haring and Harty, 2006).  Macrophages and NK cells also 

play a critical role early in the innate response.  Macrophages, which have been infected 

with L. monocytogenes, signal to NK cells via tumor necrosis factor alpha (TNF-α) and 

interleukin 12 (IL-12) to induce production of INF-γ (Bancroft et al., 1991; Edelson and 

Unanue, 2000).  Increased levels of INF-γ by NK cells lead to hyper-activation of 

macrophages and thus intensify their bactericidal activity.  Activated macrophages 

display enhanced major histocompatibility complex (MHC) molecule expression, 

upregulate inducible nitric oxide synthase (iNOS) production, and increase phagocytosis 

(Beckerman et al., 1993).  While NK cells are major activators of macrophages, they are 

also important lytic cells whose activity is not restricted by antigen-specific recognition, 

unlike T cells.  NK cells are able to lyse infected hepatocytes via lytic granules and 

control cell-to-cell spread until an adaptive CD8 T cell response has time to become 

effective (Gregory et al., 1996).  Lysing of hepatocytes exposes L. monocytogenes to the 
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extracellular environment where they can be phagocytized by neutrophils and activated 

macrophages (Haring and Harty, 2006).   

Host immune cells such as macrophages and DCs can react to the presence of 

pathogens through pattern recognition receptors (PRRs), such as Toll-like receptors 

(TLRs), that recognize pathogen-associated molecular patterns (PAMPs) (Janeway and 

Medzhitov, 2002; Medzhitov, 2001).  Recognition of the PAMPs induces signaling 

pathways that lead to the production of proinflammatory cytokines (Stavru et al., 2011).  

TLRs (specifically, TLR2 and TLR5 for recognition of gram-positive peptidoglycan and 

flagellin, respectively) appear to play an important role in L. monocytogenes infection, 

and are crucial for both extra- and intracellular recognition of the pathogen (Hayashi et 

al., 2001; Ozoren et al., 2006; Torres et al., 2004).  Binding of the TLR to its respective 

receptor results in a signaling cascade leading to activation of the transcription factor NF-

κβ, ultimately resulting in expression of cytokine and antigen presentation related genes.  

For L. monocytogenes infection, MyD88 (an adaptor molecule involved in the TLR 

signaling pathway) appears to play a strong role in TLR signaling due to MyD88-/- mice 

being highly susceptible to primary Lm infection (Seki et al., 2002).  DCs are a very 

important link between the innate and adaptive immune response (Medzhitov, 2001).  

Immature DCs are present in peripheral tissues where they are able to exhibit phagocytic 

activity, but are unable to prime T cells until they come in contact with antigen.  DCs can 

acquire L. monocytogenes antigen either by being infected directly, or by phagocytosis of 

L. monocytogenes, or by cross presentation from cells containing L. monocytogenes 

(Haring and Harty, 2006).  When L. monocytogenes antigen is acquired by a DC, two 

things occur: i) TLR activation subsequently activates the DC itself, and ii) antigen is 
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processed and presented via MHC class molecules. How antigen is processed and 

presented depends on which mechanism DCs acquire L. monocytogenes through.  If 

present in cytosol of any cell, L. monocytogenes secreted proteins are digested by the 

proteasome.  The peptides degraded within the proteasome are then transported to the 

endoplasmic reticulum where they are loaded through the transport associated protein 

(TAP) system onto MHC class I molecules and transported to the cell surface for 

presentation to CD8 T cells (Zenewicz and Shen, 2007).  If L. monocytogenes is in the 

lysosome or phagosome of antigen presenting cells, fusion with the endosome cleaves a 

protein (Class II-associated invariant chain peptide; CLIP) blocking the MHC class II 

molecule allowing for antigen loading and presentation of peptide to CD4 T cells 

(Zenewicz and Shen, 2007).       

Activated DCs undergo a maturation process that upregulates MHC molecules 

and costimulatory molecules, which ultimately enhances the DC’s ability to stimulate 

naïve T cells (Zenewicz and Shen, 2007).  Mature DCs upregulate C-C chemokine 

receptor type 7 (CCR7) so they are able to follow a chemokine C-C motif ligand 21 

(CCL21) chemokine gradient to the lymph nodes where they can present antigens to their 

respective naïve T cells (Iezzi et al., 2001).  Within the lymph node, T cell activation 

occurs where i) a naïve T cell meets its respective antigen and self-MHC, ii) cluster of 

differentiation 28 (CD28) binds B7 (to produce a costimulatory signal to enhance the 

activity of a MHC-TCR signal between the APC and the T cell), and iii) cytokines are 

produced to aid in T cell proliferation and differentiation.  T cell differentiation ensues 

when specific cytokines signal T cells to differentiate into appropriate effector cells.  

During L. monocytogenes infection, CD8 T cells differentiate into cytotoxic T  
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lymphocytes (CTLs) and CD4 T cells differentiate into effector Th1 helper cells.  The 

effector T cell population for L. monocytogenes response peaks around 7-9 days after 

infection (Busch et al., 1998).   

 

IIIb. Adaptive immunity 

Due to L. monocytogenes’ intracellular life style, extracellular responses such as antibody 

production are ineffective. Thus, CD4 and CD8 T cells comprise most of the adaptive immune 

response, with an emphasis on CD8 T cells (Harty and Bevan, 1999; Kaufmann, 1993; Zenewicz 

and Shen, 2007).   While the innate immune system is crucial for control of L. monocytogenes 

infection, T cells are required for the final clearance of the pathogen from the body, as 

demonstrated by Unanue (1997) in the severe combined immuondeficient CB-17 SCID mouse.  

This study was the first to demonstrate the cellular interactions of the innate response restrict 

growth of L. monocytogenes without elimination, and CD4 and/or CD8 T cells are necessary for 

sterilizing immunity (Unanue, 1997).  Additionally, the lack of an important role for antibodies in 

controlling and clearing a L. monocytogenes infection was demonstrated by the ability of 

lymphocytes, but not serum, from immunized mice to confer protection in naïve mice (Miki and 

Mackaness, 1964).  

While both CD4 and CD8 T cells contribute to protective immunity, memory 

CD8 T cells are the most effective cells in terms of mediating protection (Kaufmann et 

al., 1986).  CD8 T cells mediate L. monocytogenes immunity via two mechanisms: i) 

cytotoxic T lymphocytes (CTLs) lysing infected target cells through production of 

perforin and granzyme to expose intracellular L. monocytogenes to phagocytic cells such 

as activated macrophages, and ii) secreting INF-γ to hyper-activate macrophages (Harty 
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and Badovinac, 2002).  The exact role of CD4 T cells is less well understood; however, it 

is known that L. monocytogenes induces a strong Th1 mediated response and L. 

monocytogenes-specific CD4 T cells secrete INF-γ, most likely to activate macrophages 

(Portnoy et al., 1989). 

As mentioned previously, protective immunity requires infection with L. 

monocytogenes that is capable of escaping the vacuole (i.e. strains which express LLO). 

While in the cytosol, L. monocytogenes secretes a small number of proteins (Villanueva 

et al., 1995).  CD8 T cells specific for four epitopes from only three different proteins 

(e.g. LLO, p60, and mpl) constitute most of the response (Busch et al., 1998). The 

immunodominant protein, LLO, is the most antigenic of these secreted proteins and thus 

a large percentage of CD8 T cells are specific for epitopes pertaining to this protein 

(Haring and Harty, 2006).  The response to Listeria-derived peptides in the spleen varies 

with mouse strain and represents ca. 1-5% of CD8 T cells (Murali-Krishna et al., 1998).  

The mechanisms that result in a higher number of CD8 T cells against specific epitopes, 

however, are not clearly defined.  Half-life of the peptide/MHC complexes is thought to 

play a role in magnitude of differing T cell responses, as well as epitope-specific T cells 

available in the original naïve T cell pool (Haring and Harty, 2006).   

 

IIIc. Role of memory CD8 T cells in long-lived anti-Listeria immunity 

In response to infection, antigen-specific T cells go through a massive expansion 

phase where they develop effector mechanisms and circulate throughout the body. 

Following expansion, T cells then undergo a contraction phase where ca. 90-95% of the 
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effector cells die off (Janeway, 2008).  The remaining T cells represent the memory pool, 

which can be maintained for life, and functions in protective immunity against 

subsequent infection. Secondary immune responses are faster and more robust than 

primary responses, a phenomenon attributed to the term ‘immunological memory’. This 

phenomenon can be explained by both an increase in the number of antigen-specific 

precursor cells left in the population post-infection, and the intrinsic differences between 

memory T cells and naïve cells.  Compared to naïve T cells, memory T cells are greater 

in number, have a lower stimulation threshold for activation, and upon secondary 

infection, they can quickly and robustly exert effector functions to rapidly control 

infection and eliminate the bacteria (e.g. cytotoxicity and soluble effector secretion 

capacities) (Ahmed and Gray, 1996; Pihlgren et al., 1996; Sprent and Surh, 2002).  Upon 

reinfection with L. monocytogenes, memory CD8 T cells rapidly appear at the site of 

infection and mediate their effector functions by either secretion of cytokines such as 

INF-γ and TNF-α, or by cytolytic mechanisms using effector molecules such as the 

cytotoxic granules perforin and granzyme. Both of these effector mechanisms lead to a 

robust and rapid elimination of the pathogen during infection (Samsom et al., 1995; Tripp 

et al., 1995). 

It is hypothesized that the magnitude of CD8 T cell expansion correlates with the 

antigen dose and persistence; thus, more naïve T cells can be activated by increasing the 

initial antigen dose. Additionally, the level of immunological protection to secondary 

infection is dependent upon memory CD8 T cell numbers and the increased 

representation of memory CD8 T cells correlates with the number of naïve CD8 T cells 

recruited into primary response. Overall, memory CD8 T cells promote a survival 
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advantage over naïve cells when hosts are infected with a higher dose of pathogen 

(Badovinac et al., 2003). 

Memory CD8 T cells undergo phenotypic and functional changes with time after 

primary infection.  Expansion in number is also associated with molecular changes in the 

T cell population.  Therefore, expression of cell surface markers can distinguish CD8 T 

cells that are at naïve, effector, or memory stages (Seder and Ahmed, 2003).  While there 

is no single phenotypic marker that defines memory T cells, phenotyping using multiple 

markers (e.g. CD62L, CCR7, IL-7Ra, CD44, INF-g, and IL-2) can help define types of 

memory populations (Badovinac and Harty, 2006).  For example, CD62L, also known as 

L-selectin, is expressed by subsets of T cells and binds glycoproteins to mediate rolling 

of lymphocytes on activated endothelium at the sites of inflammation and homing of cells 

to the high endothelial venules (HEV) of peripheral lymphoid tissues (Farber and 

Ahmadzadeh, 2002).  Ligands present on endothelial cells will bind to lymphocytes 

expressing CD62L/L-selectin, slowing lymphocyte trafficking through the blood, and 

facilitating entry into a secondary lymphoid organ at that point where they can meet their 

cognate antigen (Nicholson, 2003).  Naive T-lymphocytes, which have not yet 

encountered their specific antigen, need to enter secondary lymph nodes to contact 

antigen and thereby express high levels of CD62L.  Conversely, effector memory T-

lymphocytes, which have encountered antigen, do not express CD62L, as they circulate 

in the periphery and have immediate effector functions upon encountering antigen in the 

periphery (Nicholson, 2003).  CD44 is also expressed on the surface of many cells and 

has been used extensively as a marker for antigen-experienced, effector and memory T 

cells.  As with CD62L, CD44 is involved in regulation of cell adhesion and migration and 
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expression levels increase upon activation of T cells (Baaten et al., 2012).  Taken 

together, T cells from the spleen represent a population that is considered 

CD62LHiCD44Lo “naïve” and CD62LLoCD44Hi “memory” phenotypes.  Additionally, 

CD44 plays a role in T cell survival and maintenance of immune tolerance; once a 

memory phase is established, CD44 ensures the functional fitness of memory T cells 

(Baaten et al., 2012). 

 

IV. The Hygiene Hypothesis 
 

IVa. Overview of the hygiene hypothesis 

 The hygiene hypothesis was conceptualized in 1989, and over time, has gained 

credibility in the scientific community. In brief, the hygiene hypothesis proposes that a 

lack of exposure of people to dirt, commensal bacteria, and “minor” pathogenic insults, 

results in an immune system that does not function to its full potential, or leads to 

immune dysregulation. The original hypothesis came about when epidemiologist David 

Strachan first noted an inverse relationship between family size and development of 

atopic disorders (Strachan, 1989).  He initially proposed that a decreased incidence of 

infection (specifically, viral respiratory infections) in early childhood, transmitted by 

unhygienic contact with older siblings, could explain the rise in allergic diseases. As the 

hypothesis was further investigated by research specialists in allergy and immunology, it 

evolved into the broader concept that decreased microbial exposure is a large factor in the 

increasing incidence of atopy in recent years. It was hypothesized that multiple factors, 
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such as clean water and food, sanitation, antibiotics/vaccines, birth practices, and a 

population shift from farm to urban living, could all have an influence in the increased 

atopy observed, as they might have lead to altered microbial exposure (Strachan, 1989).    

 Following industrialization, exposure to microbes within environment has 

changed drastically. There is a postulated idea termed ‘disappearing microbiota’, which 

ties post-industrialization movements to a decrease in our ancestral intestinal microbiota 

that we have grown dependent on over the course of our evolution (Blaser and Falkow, 

2009). Rook and Lowry referred to the hygiene hypothesis as the “old friends hypothesis” 

or “a consequence of diminished exposure”; meaning lack of exposure to an array of 

microoganisms once present in our human evolutionary past resulted in an absense of 

appropriate levels of immunoregulatory pathways (Rook and Lowry, 2008).  It has been 

shown that this concept applies to a wider range of chronic inflammatory diseases than 

just asthma and hayfever, including type 1 diabetes (Stene and Nafstad, 2001), multiple 

sclerosis (Raison et al., 2010), depression (Raison et al., 2010; Rook et al., 2013) and 

even cancer (Rook and Dalgleish, 2011).   

 

IVb. Atopic and inflammatory disease trends  

 There has been a rapid increase in allergic asthma and other atopic disorders 

observed in the industrialized world over the past few decades.  Asthma prevalence, for 

example, has increased by approximately 1% per year since 1980 (Warner, 1999). 

Additionally, an epidemiological study in Great Britain (years 1976 through 1996) 

showed a substantial increase (from 3% to 19.9%) in hayfever in adults over a 20-year 
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period (Upton et al., 2000). While genetic predisposition is a factor of atopic disease 

susceptibility, the rise in atopy has occurred in too small of time frame to be attributed to 

a genetic shift in the population, and thus environmental factors are thought to play an 

important role.  Interestingly, both incidence and prevalence of atopy are much lower in 

most of the developing regions of the world. For example, the International Study of 

Asthma and Allergies in Childhood (ISAAC) showed the prevalence of self-reported 

asthma was 2-3% in comparison to 20-40% in teenagers in developing and industrialized 

countries, respectively (Beasley et al., 1988). Furthermore, it is well reported that the 

incidence of atopy of citizens of hunter-gatherer societies is low to non-existent (Okada 

et al., 2010).  Differences between rural and suburban living within industrialized nations 

have also been investigated; several studies have reported a reduced incidence of 

hayfever in children living on farms as compared to others (Braun-Fahrland et al., 1999; 

Gassner-Bachman and Wuthrich, 2000; Riedler et al., 2001; Von Ehrenstein et al., 2000). 

In addition to allergies and asthma, a variety of autoimmune disorders have been tied to 

the hygiene hypothesis.  For example, people in non-industrialized nations, which are 

exposed to helminthes (parasitic worms) on a regular basis, have a substantially lower 

incidence and prevalence of chronic inflammatory disease such as Crohn’s disease, than 

those in industrialized nations (Elliott et al., 2007). Further evidence is provided by a 

study in India, which showed incidence of Crohn’s disease is on an increase (although 

still lower than industrialized nations), reliably paralleling trends of industrialization and 

sanitation in this country (DeSai and Gupta, 2005). 

Interestingly, while other studies have focused on an explanation for the 

correlation between hygiene/sanitation and increases rates of asthma, allergies, 
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depression, and autoimmune diseases, a recent study has put forth efforts in discussing 

why women have higher rates of these disorders in comparison to men (Clough, 2011).  

While the hygiene hypothesis lacks attention to sex differences in morbidity rates, 

Clough and colleagues conducted an interdisciplinary review of feminist research on 

gender socialization of children, which lead to social preferences for cleanliness between 

genders as an explanation for rate differences (Clough, 2011).  

    

IVc. The hygiene hypothesis as it applies to infectious disease and food safety  

 They hygiene hypothesis may also be extended to infectious disease. Olsen et al. 

(2002) provided epidemiological evidence of an outbreak investigation, involving 

Escherichia coli O157:H7 caused by unchlorinated municipal water contaminated by 

wildlife, which revealed a lower attack rate for town residents (whom were exposed to 

low levels of the pathogen over time) than visitors (23% vs. 50%) (Olsen et al., 2002). 

Additionally, a more eminent example would be the outbreak of Legionnaires disease at 

the American Legion Convention in 1976 that lead to 182 illnesses and 29 deaths 

attributed to Legionella growing in the water-cooling system of the hotel convention’s air 

conditioning and consequently being dispersed via air vents (Winn, 1988). Interestingly, 

employees at the hotel convention never became ill.  This was most likely due to acquired 

immunity obtained from continuous low-level exposure to Legionella slowly growing in 

the cooling system over time.  A more recent example from Trape et al. (2011) 

investigated the effect of decreasing exposure to Plasmodium falciparum on immunity 

and how declining acquired immunity impacts incidence of malaria.  In short, the paper 
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did a longitudinal study in a village in Senegal to look at the long-term effects of 

insecticide-treated bed nets and use of artemisinin-based combination therapies (ACTs) 

on malaria morbidity.  After insecticide-treated bed nets and ACTs were implemented, 

new cases of malaria plummeted the first two years these new policies were in place.  

There was, however, a huge rebound of malaria attacks in later years; the researchers 

believe that the rebound could be attributed to adults and older children losing the 

immunity they had built initially against Plasmodium falciparum (Trape et al., 2011).   

From a food safety standpoint, in Mexico, Escherichia coli O157:H7 (an 

enterohemorrhagic E. coli or EHEC) is rarely observed in clinical settings and no reports 

of hemolytic uremic syndrome (HUS) or hemorrhagic colitis (HC) in association with 

O157:H7 have been documented (Navarro et al., 2003), yet enteropathogenic E. coli 

(EPEC) and enterotoxogenic E. coli (ETEC) are commonly found in food and water 

supplies, as evidenced by the terms “Traveller’s diarrhea” and “Montezuma’s revenge” 

(Bouckenooghe et al., 2002).  However, it is well documented that E. coli O157:H7 is 

present in cattle, swine and poultry in Mexico (Amezquita-Lopez et al., 2013; Callaway 

et al., 2004; Narvaez-Bravo et al., 2013), and is present in the human food supply 

(Heredia et al., 2001; Gomez-Aldapa et al., 2013). It has been hypothesized that the daily 

“dose” of EPEC builds adaptive immunity and protects the population from the more 

pathogenic EHEC strains (Callaway, 2006).  More specifically, it is speculated that 

exposure to O157-related E. coli lipopolysaccharide (LPS) at an early age, could explain 

why diarrheal disease due to different serotypes of E. coli is highly prevalent in Mexico, 

with only sporadic isolation of O157 strains (Navarro et al., 2003; Voravuthikunchai et 

al, 2005).  Collectively, the aforementioned examples provide evidence of a route of 
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natural vaccination by exposure to microorganisms that allow for the development of 

protective immunity and ultimately a decrease in incidence of disease.   

In 2006, Callaway and colleagues proposed a unique perspective that “our food 

supply could be too clean”. They proposed that developed countries, with the USA at 

their forefront, enjoy the luxury of the safest food supply. Callaway et al. (2006) further 

went on to describe that food producers and food safety researchers in the U.S. have 

made huge strides, especially in the past 25 years, to ensuring the safety of our food, yet, 

foodborne outbreaks and sporadic foodborne illness still occur in numbers far too large 

for these societies to accept. Numerous intervention processes along the food continuum, 

implementation of the Hazard Analysis and Critical Control Points (HACCP) system, and 

consumer handling education, have all shown to reduce spoilage organisms and 

pathogens on foods. This has been evident by trends in incidence of foodborne disease 

from six major pathogens decreasing 22% since the late 1990’s (CDC, Press Briefing, 

2014). This decreasing rate of illness however has recently stalled and no significant 

change has been observed since 2006 (CDC, 2014). According to Callaway, this may 

indicate “we have reached a region of diminishing returns on further development of 

intervention strategies” (Callaway et al., 2006).  For example, and as previously 

mentioned, the current L. monocytogenes risk assessment identified deli meats as the 

most common food responsible for listeriosis (with nearly 90% of cases attributed to deli 

meats), although, declines in the incidence of listeriosis have not paralleled the immense 

observed reductions in the prevalence of L. monocytogenes in deli meats. Further actions 

are needed to understand why ever more stringent food safety measures are not followed 

with the expected decline in number of human foodborne diseases.  
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Moreover, the current L. monocytogenes risk assessment also predicts that the 

average individual consumes a food serving containing low (< 1x103) or intermediate 

(between 1x103 and 1x106) levels of L. monocytogenes 19 and 2.4 times per year, 

respectively, without developing disease (FDA/USDA-FSIS/CDC, 2003). Despite 

considerable efforts by government and industry to prevent exposure to L. 

monocytogenes through contaminated food, the goal outlined by the Healthy People 2010 

Initiative to reduce the baseline 1996-1998 incidence of listeriosis by 50% was not 

achieved. The new goal to reduce the updated baseline 2010 incidence of listeriosis by 

25% was outlined as an objective in the Healthy People 2020 Initiative (USDHHS, 

2012). In order to meet this new goal, it may be necessary to re-examine our current 

assumptions that exposure to any L. monocytogenes strain is detrimental to public health 

and consider the possibility that past efforts to eliminate all L. monocytogenes strains in 

foods may have had an unintended but undesirable affect on population immunity against 

listeriosis.  
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CHAPTER 2 
 

Listeria monocytogenes isolates carrying virulence-attenuating mutations in 
Internalin A are commonly isolated from ready-to-eat food processing plant and 
retail environments 

 

Abstract 
Listeria monocytogenes is a human foodborne pathogen that may cause a life-threatening 

disease known as listeriosis in susceptible individuals.  Internalin A (InlA; encoded by 

inlA) is a key virulence factor that facilitates crossing of host cell barriers by L. 

monocytogenes.  At least 18 single nucleotide polymorphisms (SNPs) in inlA that result 

in a premature stop codon (PMSC), and thus a gene product that is truncated in size and 

secreted, have been described worldwide.  SNPs leading to a PMSC in inlA have been 

shown to be causally associated with attenuated virulence. L. monocytogenes carrying 

virulence-attenuating mutations in inlA are commonly isolated from ready-to-eat (RTE) 

foods but rarely associated with human disease.  This study was conducted to determine 

the prevalence of virulence-attenuating SNPs in inlA among L. monocytogenes isolated 

from environments associated with RTE food production and handling.  More than 700 L. 

monocytogenes isolates from RTE food processing plant and retail environments from the 

U.S. were screened for the presence or absence of the seven virulence-attenuating SNPs 

in inlA that are common among isolates from the U.S.  Overall, 26.4% of isolates from 

RTE food processing plant and 32.6% of isolates from retail environments carried a 

virulence-attenuating mutation in inlA.  Food contact surfaces sampled at retail 

establishments were significantly (P<0.0001) more likely to be contaminated by a L. 
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monocytogenes isolate carrying a virulence-attenuating mutation in inlA (56% of 55 

isolates) as compared to non-food contact surfaces (28% of 264 isolates).  Overall, a 

significant proportion of L. monocytogenes isolated from RTE food production and 

handling environments have reduced virulence.  These data will be useful in the revision 

of current and development of future risk assessments that incorporate strain-specific 

virulence parameters. 

 

Introduction 
Listeria monocytogenes is the causative agent of listeriosis, a potentially life 

threatening disease that largely affects individuals with a compromised immune status 

(Farber and Peterkin, 1991).  Listeriosis is acquired from consumption of contaminated 

food and, while cases are relatively rare as compared to other bacterial foodborne 

illnesses such as salmonellosis, infections quite frequently lead to hospitalization (94%) 

and often result in death (16%) (Scallan et al., 2011).  In addition, listeriosis was 

predicted to be responsible for nearly 19% of all deaths attributed to known pathogens in 

the U.S. per annum ( Scallan et al., 2011).  L. monocytogenes is transmitted to humans 

through food, which becomes cross-contaminated after cooking by environments 

associated with food production and handling.  L. monocytogenes proliferates on the 

surface of food during refrigerated storage; as a result, foods that do not undergo 

additional heat treatment before they are consumed, or ready-to-eat (RTE) foods, are 

associated with the majority of disease (Tomkin, 2002).  Detection of L. monocytogenes 

on an environmental surface of a food processing plant that comes into direct contact 

with RTE food in the post-lethality environment may trigger finished product testing and 

product recall, depending on the alternative the RTE food is produced under.  Both the 
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foodborne route of L. monocytogenes transmission and the significant health risk posed to 

immuno-compromised individuals who are exposed to this pathogen have prompted the 

establishment of stringent regulations in several countries.  In the U.S., RTE products that 

are exposed to the environment following the lethality step that either test positive for L. 

monocytogenes or come into direct contact with a food contact surface contaminated by 

L. monocytogenes are considered adulterated (USDA, 2012).  

Previous combined epidemiology, subtyping and virulence studies support 

differences in the molecular ecology and virulence among L. monocytogenes subtypes 

(Ducey et al., 2007; Gray et al., 2004; Jeffers et al., 2001; Nightingale et al., 2005; Ward 

et al., Norton et al., 2001; Ward et al., 2008; Ward et al., 2004; Wiedmann et al., 1997). 

More than 90% of listeriosis cases have been attributed to four (i.e., 1/2a, 1/2b, 1/2c and 

4b) of the thirteen L. monocytogenes serotypes (McLauchlin, 1990).  The two major L. 

monocytogenes genetic lineages (lineages I and II) and clonal groups within those 

lineages differ in their associations with human disease and isolation from non-host 

environments (Gray et al., 2004; Jeffers et al., 2001; Nightingale et al., 2007; Nightingale 

et al., 2005; Sauders et al., 2004; Sauders et al., 2009; Ward et al., 2008; Ward et al., 

2008; Ward et al., 2010; Wiedmann et al., 1997).  For example, three highly clonal 

serotype 4b L. monocytogenes strains within lineage I (termed epidemic clones I, Ia and 

II) have been linked to the majority of listeriosis epidemics worldwide (Fugett et al., 

2006; Kathariou, 2002) and are overrepresented among sporadic listeriosis cases in the 

U.S. (Gray et al., 2004).  In contrast, multiple strains representing lineage II are 

significantly overrepresented among isolates from RTE foods, but have rarely or never 

been linked to human disease ( Gray et al., 2004).   
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Eighteen naturally-occurring single nucleotide polymorphisms (SNPs) leading to 

a premature stop codon (PMSC) in the key L. monocytogenes virulence gene inlA have 

been described worldwide (Felicio et al., 2007; Handa-Miya et al., 2007; Jacquet et al., 

2004; Jonquieres et al., 1998; Nightingale et al., 2005a; Nightingale et al., 2005b; Olier et 

al., 2002, Olier et al., 2003; Orsi et al., 2007; Ragon et al., 2008; Rousseaux et al., 2004; 

Van Stelten and Nightingale, 2008; Van Stelten et al., 2010, and Ward et al., 2010).  The 

virulence factor Internalin-A (InlA, encoded by inlA) facilitates the uptake of L. 

monocytogenes by non-professional phagocytic cells that express the human isoform of 

E-cadherin.  InlA thus plays an important role in enabling L. monocytogenes to cross the 

intestinal border (Lecuit et al., 1997).  L. monocytogenes isolates that carry a virulence-

attenuating (VA) SNP in inlA produce a truncated form of InlA that is secreted rather than 

anchored to the bacterial cell wall and demonstrate attenuated invasion of human 

intestinal epithelial cells in vitro (Felicio et al., 2007; Nightingale et al., 2005; Olier et al., 

2002; Rousseaux et al., 2004; Van Stelten and Nightingale, 2008; Ward et al., 2010), as 

well as attenuated virulence in vivo (Nightingale et al., 2008; Van Stelten et al., 2011). 

We previously challenged guinea pigs with paired isogenic mutants with and without a 

VA SNP in inlA, including strains where SNPs were introduced in inlA and strains where 

SNPs were reverted to encode a full-length InlA, to show that these mutations appear to 

be fully responsible for attenuated virulence (Nightingale et al., 2008). We also 

demonstrated a significant shift in median infectious dose for guinea pigs orally 

challenged with a strain carrying a VA SNP in inlA as compared to animals challenged 

with a fully-virulent epidemic clone strain (Van Stelten et al., 2011).   
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Previous studies compared the prevalence of VA mutations in inlA among L. 

monocytogenes isolates from human clinical cases and RTE foods (Jacquet et al., 2004; 

Van Stelten et al., 2010).  There is a clear need, however, to determine the prevalence of 

L. monocytogenes carrying a VA mutation in inlA in environments where RTE foods are 

produced and handled, since exposure to the post-lethality environment represents to 

most significant source of RTE food cross-contamination by L. monocytogenes. While 

Ward et al. (2010) characterized L. monocytogenes isolates from food processing 

facilities by multi-locos genotyping, a subtyping approach that includes some markers for 

inlA SNPs, the study focused on characterization of PFGE types most commonly 

encountered through the U.S. Department of Agriculture - Food Safety and Inspection 

Services (USDA-FSIS) surveillance of RTE foods and food processing facilities.  As a 

result of their sampling plan, this surveillance study focused on RTE food isolates and 

only a small set of isolates from the processing plant environment was included.  This 

overall goal of this study was to further elucidate the molecular ecology of L. 

monocyotogenes in environments where RTE foods are produced and handled.  We 

assembled a set of >700 L. monocytogenes isolates from food processing plant and retail 

environments to probe the distribution of L. monocytogenes carrying VA SNPs in inlA at 

these specific points of the food continuum.  We utilized a previously developed inlA 

SNP genotyping assay to screen for the presence or absence of the seven common VA 

mutations in inlA described for L. monocytogenes isolates from the U.S.  The specific 

objectives of this study were to determine (i) the prevalence of VA SNPs in inlA among 

L. monocytogenes isolates from different RTE food-associated environments, types of 

RTE food processing plants and types of environmental samples, (ii) the frequency of 
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each inlA SNP type and its distribution across the sample categories above, and (iii) if 

multiple inlA allelic types are present in a single environmental sample.  

 

Materials & Methods 
Selection of L. monocytogenes isolates to determine the prevalence of virulence-

attenuating inlA SNPs in RTE food processing plant environments. Processing plant 

environment isolates were identified by querying the Food Microbe Tracker database 

(www.foodmicrobetracker.com) for isolates described in 5 previous longitudinal studies 

on L. monocytogenes contamination patterns in RTE food processing plants (Hoffman et 

al., 2003; Lappi et al., 2004; Norton et al., 2001; Thimothe et al., 2004; Williams et al., 

2011).  In total, we included 409 L. monocytogenes isolates from RTE food processing 

plant environments in our study (Table 1).  Collectively, the processing plants sampled in 

these previous studies included 5 RTE fish (salmon and assorted white fish) processing 

facilities (Hoffman et al., 2003; Lappi et al., 2004; Norton et al., 2001; Thimothe et al., 

2004), and 6 small or very small RTE meat processing facilities (Williams et al., 2011). 

A total of 322 L. monocytogenes isolates from RTE fish processing plant 

environments were used in this study.  These included, 43 environmental isolates from 

the Norton et al. (2001) study; one representative positive L. monocytogenes isolate from 

each sampling site was characterized in this study.  These environmental samples were 

collected from 3 smoked fish processing facilities over five visits to each facility in 1998.  

Samples collected from the processing environment were taken from floor drains, sink 

drains, cooler floors, and equipment surfaces.  We also included 106 environmental L. 

monocytogenes isolates from the Hoffman et al. (2003) study.  Samples for this study 

were collected from two smoked fish processing plants over 16 visits to each plant in 
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2000, where 16 sites were sampled during each visit.  Sites in this study included drains, 

floors, door handles, condensate lines, plastic crates, and equipment. Another 173 

Listeria monocytogenes isolates described in two companion studies, including Thimothe 

et al. (2004) and the Lappi et al. (2004), were also included in this study.  Four RTE 

seafood plants were enrolled in these studies and sample collections were performed 

monthly for two years.  One of the RTE seafood plants did not yield any positive L. 

monocytogenes environmental samples and was, therefore, removed from the current 

study. Samples collected during the first year (n=69) were published in Thimothe et al. 

(2004) and samples collected during the second year (n=104) were published in Lappi et 

al. (2004).  In both studies, environmental sponge samples were collected from 12 to 14 

different locations, which were kept constant throughout the duration of the study. These 

locations included drains (raw product, finished product, and packaging areas), other non-

food contact surfaces (doors, table legs, rolling cart wheels), employee contact surfaces 

(hands or gloves, door handles, or aprons), and food contact surfaces (slicing machines, 

skinning machines, cutting boards, and scales) in each plant.   

Another 87 L. monocytogenes isolates from 6 RTE meat processing plant 

environments, which were collected through bi-monthly collections over a two-year 

longitudinal study, were also in the current study (Williams et al., 2011).  Approximately 

25 non-food contact surface samples were collected during each visit in year 1 and 

sampling of approximately 5 additional food contact surfaces was implemented in year 2 

(Williams et al., 2011).  Non-food contact surfaces samples were taken from walls, doors, 

floor drains, sink drains, cart wheels, cooler floors, and equipment surfaces, while food 

contact samples included table tops, slicers, cutting boards, and knives.  
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Selection of L. monocytogenes isolates to determine the prevalence of virulence-

attenuating inlA SNPs in retail environments. Food Microbe Tracker was also queried 

to identify isolates from 3 previous cross-sectional studies on L. monocytogenes 

contamination at retail (Hoelzer et al., 2011; Hoffman et al., 2003; Sauders et al., 2009).  

Forty L. monocytogenes environmental isolates from 50 retail establishments study were 

collected by the New York State Department of Agriculture and Markets (NYSDAM) 

from June 1997 to August 2002 (Sauders et al., 2004).  However, source data for 14 

isolates was incomplete and these isolates were removed from the current study (Table 

1).  Another 151 L. monocytogenes environmental isolates that were collected from 121 

food retail establishments during routine regulatory inspection by NYSDAM Food Safety 

Division staff from August 2005 to August 2006 were characterized in this study 

(Sauders et al., 2009).  Hoelzer et al. (2011) collected 142 L. monocytogenes isolates 

from 120 establishments, including 60 small establishments that were sampled between 

March 2007 and November 2007 along with 60 retail establishments with low inspection 

scores.  All establishments participating in the three aforementioned studies were retail 

stores that conducted some level of post manufacture processing, including slicing, 

mixing, cooking, etc.  Environmental samples from these studies were collected from 

diverse food contact surfaces (counters, utensils, and slicers) and non-food contact 

surfaces (drains, sinks, deli cases, and floors), and optional high-risk areas sampled at the 

inspector’s discretion.  In general, retail establishments were only sampled on a single 

occasion; however, nine retail establishments were selected for follow-up sampling 

because these establishments were involved in a class I recall or had more than four L. 

monocytogenes positive environmental samples in the initial sampling.   
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Selection of L. monocytogenes isolates to determine if multiple inlA allelic types are 

present a single environmental sample. Molecular subtyping studies, including the 

studies above (Hoelzer et al., 2011; Hoffman et al., 2003; Lappi et al., 2004; Norton et 

al., 2001; Sauders et al., 2009; Thimothe et al., 2004; Williams et al., 2011) often select a 

single isolate for subtyping (due to practical considerations of cost and time) but maintain 

additional isolates for future studies. All available environmental L. monocytogenes 

isolates described by Norton et al. (2001) study (n=145) were thus selected for the current 

study to determine if a single sample testing positive for L. monocytogenes contains 

multiple inlA allelic types (i.e., those encoding a full-length and truncated InlA).   

inlA SNP typing. SNP genotyping by multiplex reaction 1 as detailed in our previous 

study (Van Stelten and Nightingale, 2008) was performed for the L. monocytogenes 

isolates described above.  Briefly, the full inlA was PCR amplified using a colorless 

GoTaq™ PCR Master Mix (Promega; Madison, WI).  Amplicons were purified by 

treatment with Shrimp Alkaline Phosphatase (SAP; Fermentas, Glen Burnie, MD) and 

Exonuclease I (ExoI; Fermentas).  Purified products were used as template for single base 

pair extension PCR reactions performed using the SNaPshot® Multiplex Kit according to 

manufacturer’s instructions (Life Technologies).  Single base pair extension products 

were purified and prepared for capillary electrophoresis analyses on an Applied 

Biosystems 3100 DNA Analyzer as detailed previously (Van Stelten and Nightingale, 

2008).  The allelic type of each targeted SNP was determined using GeneScan® v.3.7 

software (Life Technologies). 

inlA sequencing. inlA sequencing was performed to confirm inlA allelic types for any L. 

monocytogenes isolates that displayed ambiguous peaks from SNP typing as detailed 
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previously (Van Stelten and Nightingale, 2008).  Briefly, PCR primers and reaction 

conditions used to amplify the full-length inlA for SNP typing were used to amplify inlA 

for DNA sequencing.  PCR products were purified using Qiagen PCR purification kit 

(Qiagen; Valencia, CA) and DNA concentrations of the purified PCR product were 

determined using a NanoDrop spectrophotometer (ND-1000; NanoDrop Technologies).  

Primers used to amplify inlA along with four internal sequencing primers were used to 

sequence targeted regions of inlA or the full-length inlA, as necessary.  DNA sequencing 

was performed at Colorado State University as detailed previously (Van Stelten and 

Nightingale, 2008).  Nucleotide sequences were assembled and aligned with Seqman and 

Megalign software (DNAStar, Lasergene, Madison, WI), respectively.   

Statistical analysis. Categorical data analyses were performed to describe the 

distribution of L. monocytogenes isolates carrying a VA inlA SNP across different 

sampling categories, including (i) different RTE fish processing plants, (ii) different RTE 

meat processing plants and (iii) food contact vs. non-food contact surfaces in retail 

establishment environments.  Statistical comparisons between RTE food processing 

plants and retail establishments were not possible due to differences in the design of the 

sampling studies.  Categorical data analyses were performed to describe the distribution 

of each observed VA inlA SNPs across RTE food processing plant and retail 

environments.  Comparisons were made using either a Chi-square test of independence or 

Chi-square goodness of fit test (as appropriate) by running the frequency procedure as 

implemented using Statistical Analyses Software (SAS; Cary, NC).   
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Results & Discussion 
Our previously described inlA SNP genotyping assay (Van Stelten and 

Nightingale, 2008; Van Stelten et al., 2010) was employed to screen a collection of 728 

L. monocytogenes isolates from RTE food processing plants and retail establishments.  

Specifically, 322 L. monocytogenes isolates from RTE fish processing plants, 87 L. 

monocytogenes isolates from small or very small RTE meat processing plants, and 319 L. 

monocytogenes isolates from food retail establishments (food and non-food contact 

surfaces), were analyzed for the 7 most common VA inlA SNPs identified in the U.S.  

Categorical data analyses were performed to compare the frequency of these inlA SNPs 

among different sources of isolation (fish processing plants, RTE meat processing plants, 

and retail environments).  Results from this study support that (i) L. monocytogenes 

isolates carrying VA SNPs in inlA are unequally distributed between fish and RTE meat 

processing facilities, (ii) are overrepresented in food contact surface isolates when 

compared to non-food contact surface L. monocytogenes isolates, (iii) only certain inlA 

SNPs are accumulated at a population level, and (iv) multiple inlA allelic types can be 

isolated from a single environmental sample.  

Prevalence of L. monocytogenes isolates carrying virulence-attenuating SNPs in inlA 

among food processing plants.   A previously described SNP genotyping assay (Van 

Stelten and Nightingale, 2008) was used to identify the 7 most common SNP mutations 

leading to a PMSC in the key virulence gene, inlA, among 409 L. monocytogenes isolates 

from RTE meat and fish processing facilities (Table 2).  A total of 26.4% of L. 

monocytogenes isolates from the food-processing environment carried a VA inlA SNP; 

however, the frequency of inlA SNPs was not equal between meat and fish processing 

facilities.  Specifically, there was a significant (P<0.0001) overrepresentation of VA inlA 
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SNPs in fish processing plants, (30.1%) as compared to RTE meat plants (12.3%) (Table 

2).  Interestingly, there have not been any outbreaks of listeriosis linked to smoked 

seafood in the US (FDA, 2012), which may partially be explained by a higher percentage 

of fish processing plant isolates carrying a VA SNP in inlA as compared to isolates from 

other RTE food categories.  Further explaining the lack of outbreaks associated with 

smoked seafood, our previous study (Van Stelten et al., 2010) showed epidemic clone 

strains, which may have enhanced human pathogenic potential, were significantly 

(P<0.01) underrepresented among L. monocytogenes from the smoked seafood RTE food 

product category as compared to other RTE food categories.  Additionally, while 

documentation of the allelic profiles for L. monocytogenes carried by fish is limited, it 

has been shown that farm cattle carry full-length inlA L. monocytogenes strains 

exclusively (Nightingale et al., 2005), which could also partly explain why VA inlA SNP 

prevalence in RTE meat plants was underrepresented as compared to fish plants.   

 The distribution of VA inlA SNPs was not equal among RTE meat plants or fish 

processing facilities sampled for this study (P<0.0001).  inlA SNP genotyping of isolates 

from RTE meat processing plants showed a diverse range of VA SNP prevalence varying 

from 0% to 63.6% (Table 2).  Fish processing plants also showed a wide range (0% to 

47.1%) of VA inlA SNP prevalence (Table 2).  This unequal distribution among facilities 

that process the same or similar foods may indicate that individual processing plants 

(both fish and RTE meat) are characterized by unique L. monocytogenes ecology.  

Factors such as different plant operation patterns and moisture levels can have an effect 

on the prevalence of L. monocytogenes (Lappi et al., 2004) and could also contribute to 

differences in persistence of these VA strains observed in this study.   Varied distribution 
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of these mutations among plants provides additional evidence that once a VA SNP in inlA 

arises in an isolate, it is easily fixed in the population and may become persistent in foods 

and food processing plant environments.  A number of authors have proposed that the 

apparent overrepresentation of lineage II strains--and thus inlA SNP strains since lineage 

II isolates carry these mutations more frequently than lineage I--among foods and food 

associated environments may be due to an enhanced ability to proliferate, survive, and 

persist in food associated environments (Felicio et al., 2007; Jacquet et al., 2004; 

Jonquieres et al., 1998; Nightingale et al., 2008; Orsi et al., 2007; Ragon et al., 2008; 

Rousseaux et al., 2004).  Whether strains with VA inlA SNPs have enhanced ability to 

persist in food processing environments is still to be determined; however, recent 

research has supported this hypothesis and Chen et al. (unpublished data) have 

demonstrated that strains carrying an inlA SNP have an enhanced ability (in comparison 

to fully-virulent epidemic clone strains) to form biofilms on polyvinyl chloride, a 

material frequently encountered in food processing environments).     

Prevalence of L. monocytogenes isolates carrying a virulence-attenuating SNP in 

inlA among food retail establishments.   inlA SNP allelic types were identified for 319 

L. monocytogenes isolates collected from retail establishments in the state of New York 

(Table 3).  Isolates for this study represented 55 food contact surface isolates and 264 

non-food contact surface isolates.  VA SNPs in inlA were significantly (P<0.0001) 

overrepresented in food contact surface isolates as compared to non-food contact isolates.  

Specifically, from the 55 food contact surface isolates, 31 (56%) carried an inlA SNP, as 

compared to 73 (28%) of the 264 non-food contact surface isolates (Table 3).   These 

findings are further supported by data recently published by Hoelzer et al. (Hoelzer et al., 



Texas Tech University, Anna Van Stelten, August 2014 

"56"

2011), which showed that L. monocytogenes subtype diversity differed between 

environmental retail sites, with lineage I isolates significantly associated with nonfood 

contact surfaces and lineage II isolates significantly associated with food contact 

surfaces.  Combining results from our study with data from previous studies (Nightingale 

et al., 2005; Van Stelten et al., 2010), a trend of increasing prevalence of VA SNPs in 

inlA is observed as a food moves up the food continuum from farm to fork.  Specifically, 

food animals showed an inlA SNP prevalence of 0% in asymptomatic ruminants 

(Nightingale et al., 2005), and inlA SNP prevalence increases to 26% in the processing 

plant environment.  In the retail environment, inlA SNP prevalence increases to 33%, and 

increases again in RTE foods to 45% (Van Stelten et al., 2010).  These data may indicate 

that the food-processing and retail environments provide a selective pressure for the 

accumulation of these SNPs in inlA and that strains carrying these mutations are better fit 

to survive and grow as food processing advances.  The factors contributing to selective 

pressure for inlA SNP accumulation as L. monocytogenes strains move from animal or 

farm environment, to the food processing and retail environments, and subsequently on to 

food, are likely complex and warrant further investigation. 

Allelic type distribution of SNPs in inlA.  Only a few SNPs in inlA (i.e., SNP mutation 

types 3, 4 and 7) appear to have been accumulated at the population level among L. 

monocytogenes isolates from the processing and retail environments in this study.  

Specifically, SNP genotyping revealed that inlA SNP mutation types 3, 4, and 7 

accounted for > 99% of the inlA mutations observed among RTE meat and fish 

processing plants (Table 4) and mutation types 3 and 4 represented 90% of the inlA SNPs 

observed in the retail isolate set characterized in this study (Table 3).  Unexpectedly, the 
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mutation leading to SNP type 7 was the most common inlA mutation among the 

processing plant isolates characterized in this study (Table 4).  However, upon closer 

examination of sampling data available through PathogenTracker, it became evident that 

inlA SNP mutation type 7 was carried exclusively by L. monocytogenes isolates obtained 

from the same Norwegian salmon processing plant in New York State (NYSG D) during 

1998 through 2002. This observation is consistent with other previous studies supporting 

that each food processing plant appears to be characterized by a unique Listeria ecology 

(Kabuki et al., 2004; Lappi et al., 2004).  Interestingly, while inlA SNP type 7 has only 

been identified in isolates from NYSG plant D, it has been observed in up to 7 different 

ribotypes within this plant from diverse isolates including raw fish and both food contact 

and non-food contact environments.  This may be indicative of convergent evolution due 

to selective pressure or of recombination events within the inlA gene among L. 

monocytogenes strains (Orsi et al., 2007).  The second most common mutation leading to 

a PMSC in inlA among our isolates (Table 3 and Table 4) was SNP type 4, which is 

characterized by a 5’ frameshift mutation in a homopolymeric tract of adenine residues.  

This homopolymeric tract serves as a mutational hot-spot, as DNA polymerase slippage 

is more likely to occur in these regions, allowing for phase switching regulation of inlA 

expression (Orsi et al., 2010), and explaining why inlA SNP type 4 is often seen in higher 

percentages as compared to other inlA SNP types.  inlA SNP type 3 was also commonly 

observed among fish processing plant isolates (Table 4).  However, it was the most 

common mutation type observed among retail isolates (Table 3) and was overrepresented 

among food contact isolates from retail environments.  This data is consistent with 

previous research that showed inlA SNP type 3 was the most common mutation type 
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among food isolates in the U.S. (Nightingale et al., 2005; Van Stelten et al., 2010).  

Through this study, it has also become apparent that multiple inlA allelic types can be 

represented in a single environmental sample.   Out of the 35 environmental samples that 

produced multiple L. monocytogenes isolates, nine of them harbored more than one inlA 

allelic profile (data not shown).  Interestingly, a single environmental sample from NYSG 

plant D produced up to 4 different inlA allelic types. This data is an indication that the 

food-processing environment can support the presence of multiple inlA allelic types and, 

more importantly, displays the need to subtype more than a single isolate from an 

environmental sample to get the full picture of what molecular characteristics related to 

pathogenicity are present in a population. 

Prevalence of virulence-attenuating SNPs in inlA in processing plant NYSG D over 

time. Interestingly, a single fish processing plant in New York State (NYSG D) was 

sampled for multiple studies from 1998 to 2002 (Hoffman et al., 2003; Lappi et al., 2004; 

Norton et al., 2001; Thimothe et al., 2004).  We hypothesized that as time progressed, the 

percentage of isolates containing VA SNPs in inlA would increase as they may have an 

advantage over other L. monocytogenes strains in persisting in the processing 

environment.  In 1998, three sampling trips provided 20 positive L. monocytogenes 

isolates, of which 90% were strains that harbored inlA SNPs (Table 5).  Interestingly, 

from 1998 through 2002, the number of sampling trips increased each year and the 

percentage of isolates containing inlA SNPs decreased (Table 5).  In 2002, the last year 

plant NYSG D was sampled, ten sampling trips took place, 39 positive L. monocytogenes 

isolates were found, and only 15.4% contained a VA SNP in inlA (Table 5).  A possible 

explanation for the decrease in prevalence from year 2001 to 2002 is targeted sanitation 
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strategies that were put into place for areas where persistent ribotypes were found.  In this 

case, suggested control measures were successful and persistent isolates (such as strains 

harboring these VA mutations) could have been targeted for elimination.  Also, for all 

studies that sampled NYSG plant D, it is unclear if all sites sampled were consistent over 

the years, which could also explain the decrease in inlA SNP persistence.   

Conclusions. Previous studies have shown a significantly greater proportion of L. 

monocytogenes isolates from RTE foods carry a VA SNP in inlA as compared to isolates 

from human listeriosis cases (Jacquet et al., 2004; Van Stelten et al., 2010).  However, 

there is a clear need to determine the prevalence of these SNPs in inlA among the food 

processing plant and food retail establishment environments.  Results from this study 

provide insight into the distribution of L. monocytogenes isolates carrying a SNP in inlA 

(and inlA SNP allelic type distribution) among processing plant and food retail 

establishments.  Specifically, a higher percentage of VA inlA SNPs were found in fish 

processing plant environments, as compared to RTE meat processing facilities.  Overall, 

VA inlA SNP distribution varied between processing facility type (fish vs. RTE meat) but 

also varied within the fish plants and RTE meat plants that were sampled, indicating 

processing environments are contaminated with unique L. monocytogenes ecology.  

Results from this study showed a higher percentage of VA inlA SNPs in isolates from 

food contact surfaces as compared to non-food contact surfaces in food retail 

establishments and this data combined with previous studies showed that as L. 

monocytogenes populations move through the food continuum from farm to fork, the 

percentage of strains carrying VA SNPs in inlA increases.  Data from this study gives 

supporting evidence that the food processing environment may provide a selective 
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pressure for the accumulation of VA inlA SNPs and isolates which harbor these 

mutations are possibly more fit or have an enhanced ability to survive in this ecological 

niche. Understanding the distribution and prevalence of unique isolate characteristics, 

such as VA inlA SNPs, may help explain the apparently different ecological and host 

niches of L. monocytogenes strains.  Ultimately, these data contribute to understanding 

the distribution of VA inlA SNPs along the entire food continuum so we can better 

inform assessments of relative risk and improve inspection programs that are based on 

risk consideration.   
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Table 2.1: Information on isolates used in this study. 

 

*14 isolates from Sauders et al. (29) were removed from the original 40 isolates because no source data was provided. 

**A total of 145 L. monocytogenes environmental isolates, described in the Norton 2001 (22) study and representing all of the 
isolates collected from each sampling site, were used to examine the diversity of inlA allelic types represented in a single 
sampling site.  

 Reference Dates of Sampling No. of Lm Positive 
Samples  

No. of 
Establishments 

Retail 
environment 

isolates 

(29) June 1997-Aug 2002 26*  50 
(30) Aug 2005-Aug 2006 151 121 

(8) March 2007-Nov 2007 
and Feb 2008-Oct 2008 142 120 

   Total 319  
     

Processing plant 
environment 

isolates 

(22) April 1998-Oct 1998 43 (145**) 3 
(9) Feb 2000-Sept 2000 106  2 
(33) Jan 2001-Dec 2001 69 3 
(15) Jan 2002-Dec 2002 104 3 
(42)  Feb 2007-Jan 2008 87 6 

  Total 409  
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Table 2.2: Number of virulence-attenuating SNPs in inlA among Listeria monocytogenes isolated from meat and fish 
processing plants.   

 

Processing Plant 

Total No. of 
Sampling Trips 
Taken to Each 

Plant 

No. of Isolates 
with inlA SNPs Total No. of Isolates Percentage of Isolates with SNPs 

in inlA 

Meat     
CO1 12 1 36 2.8% 
CO2 12 0 14 0% 
KS1 12 0 2 0% 
KS2 12 1 16 6.3% 
NE1 12 2 8 25.0% 
NE2 12 7 11 63.6% 

 
Subtotal 

  
11 

 
87 

 
12.3% 

 
 

Fish 

    

NYSG B 3 8 17 47.1% 
NYSG C 2 1 6 16.6% 
NYSG D 30 87 203 42.9% 
NYSG E 17 1 43 2.3% 
NYSG F 20 0 53 0% 

 
Subtotal 

  
97 

 
322 

 
30.1% 

     
 

Overall 
  

108 
 

409 
 

26.4% 
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Table 2.3: Number of virulence-attenuating SNPs in inlA among food- and non-food contact surfaces in the retail environment.   

Sample Type No. of LM 
Isolates 

No. of LM 
Isolates with 

inlA SNP 

Percent of 
Isolates 

with inlA SNP 

PMSC Types Identified 
(% of Isolates with inlA SNP) 

Food Contact 55 31 56% 1(13%), 3(71%), and 4(16%) 

 
Non Food 
Contact 

264 73 28% 1(8%), 3(48%), 4(42%), and 5(1%) 

 
Total 

 
319 

 
104 

 
33% 

 
1 (10%), 3(55%), 4(35%), and 5(1%) 
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Table 2.4: Distribution of virulence-attenuating inlA SNP type among meat and fish processing plants.   

 

 

 

 

 

PMSC Type No. of Isolates Containing 
inlA SNP Type 

Total No. of Isolates with inlA 
SNP 

Percentage of Isolates  
with inlA SNP 

1 0 108 0% 

2 0 108 0% 

3 23 108 21.3% 

4 25 108 23.2% 

5 1 108 0.9% 

6 0 108 0% 

7 59 108 54.6% 
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Table 2.5: Percentage of isolates among a fish processing plant that carry a virulence-attenuating inlA SNP.   

#

#

#

 

Processing Plant 
NYSG Plant D 

No. of Sampling 
Trips 

No. of Isolates 
Containing inlA 

SNP 

Total No. of LM 
Isolates 

Percentage of Isolates with an 
inlA SNP 

1998 3 18 20 90% 

2000 4 50 106 47.2% 

2001 9 13 38 34.2% 

2002 10 6 39 15.4% 

 
Total   

87 
 

203 
 

42.9% 
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CHAPTER 3 
 

Virulence-attenuated Listeria monocytogenes strains, commonly isolated from foods, 
elicit CD8+ T cell-mediated immunity and confer protection against a subsequent 
challenge by a fully virulent L. monocytogenes strain 

 

Abstract 
Numerous studies have shown a considerable proportion of L. monocytogenes isolates 

obtained from food (>45%), carry a virulence-attenuating single nucleotide 

polymorphism (SNP) in inlA that leads to production of a truncated and secreted InlA 

virulence protein. We hypothesized natural exposure to VA strains through consumption 

of contaminated food may confer protective population immunity against listeriosis and 

thus, current food safety measures to minimize exposure to any L. monocytogenes strain 

in food, may have adverse epidemiological outcomes at the population level. Herein, we 

found L. monocytogenes strains carrying virulence-attenuating SNPs in inlA are capable 

of (i) eliciting a CD8+ T cell response, and (ii) providing protection against a subsequent 

challenge with a fully-virulent strain. Briefly, mice were intragastically immunized with a 

range of doses of a murinized strain carrying a virulence-attenuating inlA SNP, and 

appropriate controls. Forty days post-immunization, groups of animals were either (i) 

sacrificed and spleens were harvested to analyze CD8+ T cells via flow cytometry for 

frequency of IFN-γ secretion, and memory phenotype using anti-CD44 and CD62L 

antibodies, or (ii) challenged with a fully-virulent murinized L. monocytogenes strain at a 

high risk dose to determine the protective effects of exposure to VA L. monocytogenes by 
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bacterial enumeration from internal organs. Overall, there was no significant (P>0.05) 

difference in CD8+ T cell total IFN-γ frequency between the VA and fully-virulent strain 

at a high primary inoculation level (2x107 CFU), and both strains produced L. 

monocytogenes-specific IFN-γ+ CD8+ T cells at dosages equivalent to what is commonly 

found in food.  Additionally, both virulence subtypes produced memory CD8+ T cells 

with central memory cells being predominantly responsible for IFN-γ production. This 

study demonstrated the level of immune protection was dependent on both strain and 

dose of initial exposure.  Mice immunized with the VA strain at 2x105 and 2x107 CFU 

showed significantly (P< 0.05) reduced bacterial loads in spleens post-challenge, 

indicating reduced severity of infections in mice previously exposed to VA L. 

monocytogenes. Interestingly, protection was not provided by any strain exposure at ≤ 

2x103 CFU, indicating the more virulent strains of L. monocytogenes in the food supply 

might not play a role in priming our immune systems to subsequent infection, and that 

VA strains may play a larger role in immune priming due to their frequent isolation from 

foods and higher contamination levels (> 10,000-fold higher than fully-virulent strains).   

 

Introduction 
Infectious diseases transmitted through food bear a substantial public health, 

economic and emotional burden on our society. Listeria monocytogenes, in particular, is 

a foodborne pathogen responsible for significant morbidity and mortality in the U.S. and 

other industrialized countries.  L. monocytogenes is a facultative intracellular human 

pathogen, which causes a potentially life-threatening infectious disease known as 

listeriosis in susceptible host populations. Pregnant women and their fetuses, the elderly, 



Texas Tech University, Anna Van Stelten, August 2014 

71#
#

and otherwise immune-compromised individuals are most susceptible to a systemic L. 

monocytogenes infection leading to invasive listeriosis (Vazquez-Boland et al., 2001). 

Clinical manifestations of invasive listeriosis can include life-threatening conditions such 

as septicemia, encephalitis, meningitis, and even late-term spontaneous abortions or 

stillbirths in pregnant women (Schlech, 2000). Alarmingly, L. monocytogenes infections 

are associated with notably high hospitalization (94%) and case fatality rates (16%). In 

fact, listeriosis accounts for approximately 19% of all fatalities attributed to foodborne 

pathogens each year in the U.S. (Scallan et al., 2011). 

 

Considered ubiquitous in nature, L. monocytogenes survives and persists well 

outside of a host in the general environment; it is commonly isolated from surface water, 

soil, and vegetation (Fenlon, 1999). Additionally, L. monocytogenes is almost exclusively 

transmitted to humans through food (ca. 99% of listeriosis cases are attributed to food) 

(Scallan et al., 2011), which becomes cross-contaminated, after cooking, by 

environments associated with food product handling. For example, deli meats (a high risk 

food vehicle) become cross-contaminated by L. monocytogenes from the environment 

when the product is sliced and packaged after thermal treatment. L. monocytogenes is 

able to proliferate on the surface of food during refrigerated storage; and as a result, foods 

that do not undergo additional heat treatment before they are consumed, or ready-to-eat 

(RTE) foods, are associated with the majority of disease (Tomkin et al., 2002). L. 

monocytogenes’ ability to tolerate intrinsic and extrinsic properties of foods, typically 

used to control the growth of pathogens, highlights it as a major concern for the food 

industry and support that consumption of RTE foods contaminated by L. monocytogenes 
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represents a significant health concern for at risk populations. Detection of L. 

monocytogenes on an environmental surface of a food processing plant that comes into 

direct contact with RTE food in the post-lethality environment may trigger finished 

product testing and product recall, depending on the alternative the RTE food is produced 

under.  Collectively, the foodborne route of L. monocytogenes transmission and severity 

of listeriosis provoked the establishment of strict regulations regarding the presence of L. 

monocytogenes in finished RTE foods in many countries, including a “zero tolerance” 

policy in the U.S. (Shank et al., 1996).  

 

The developed countries, with the U.S. at their forefront, enjoy the luxury of the 

safest food supply. Food producers and food safety researchers have made huge strides, 

particularly in the past 25 years, to ensure the safety of our food, yet, foodborne 

outbreaks and sporadic foodborne illness still occur in numbers far too large for these 

societies to accept. Industrialized nations have invested substantial resources to control 

and monitor foodborne pathogens; numerous intervention processes along the food 

continuum, implementation of the Hazard Analysis and Critical Control Points (HACCP) 

system, and consumer handling education, have generally resulted in successful 

reductions in the prevalence of contaminated food products. Paradoxically, however, 

there has been relatively little meaningful or sustained reduction in the public health 

burden of disease caused by foodborne pathogens. In the rare instances where reductions 

in human illnesses have been observed – disease caused by Listeria monocytogenes for 

example – the reduction is far less than expected given the reductions in food 

contamination. For example, while the incidence of human listeriosis has declined as 
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compared to 1996-1998 baseline disease surveillance data, the majority of the reduction 

occurred prior to 2002 (CDC, 2009; CDC, 2014). Despite stringent regulations and 

practices to control L. monocytogenes transmission through food in the U.S., declines in 

the incidence of listeriosis have stalled over the last decade.  Specifically, the current L. 

monocytogenes risk assessment identified deli meats as the overwhelmingly most 

common food responsible for listeriosis (with nearly 90% of cases attributed to deli 

meats), yet declines in the incidence of listeriosis have not been as significant as expected 

based on observed reductions in the prevalence of L. monocytogenes in deli meats.  For 

instance, the prevalence of L. monocytogenes in deli meats has been reduced by more 

than 9-fold (from 2.54% in 1998 to 0.28% in 2010), while the incidence of listeriosis has 

not yet even been reduced by half (from 5 cases/1,000,000 in 1996 to 2.6 cases/1,000,000 

in 2012) (CDC, 2014; USDA-FSIS, 2010).  

 

L. monocytogenes is genetically diverse and significant evidence supports it 

contains two epidemiologically distinct subpopulations, including (i) a small 

subpopulation of epidemic clone (EC) strains that have been linked to the majority of 

sporadic and epidemic listeriosis cases and (ii) a larger subpopulation of virulence 

attenuated (VA) strains that represent >45% of isolates from food but have only been 

linked to sporadic disease on very rare occasions (<5%) (Van Stelten et al., 2010). 

Virulence-attenuation of these isolates is attributed to specific single nucleotide 

polymorphisms (SNPs) in the key virulence gene inlA, ultimately leading to a premature 

stop codon (PMSC). The mechanism of virulence-attenuation by the PMSC is production 

of a truncated and secreted gene product (Internalin A; InlA) or total loss of InlA 
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production, and thus, attenuation of virulence by preventing transfer across the intestinal 

barrier (Cossart and Lecuit, 1998). We have previously demonstrated that PMSC 

mutations in inlA are causally associated with attenuated virulence as demonstrated 

through both the in vivo guinea pig disease model and the in vitro cell culture model 

(Nightingale et al., 2008).   

Moreover, the L. monocytogenes risk assessment predicts that the average 

individual, prior to 2003, consumed a food serving containing low (< 1x103) or 

intermediate (between 1x103 and 1x106) levels of L. monocytogenes 19 and 2.4 times per 

year, respectively, without developing disease (FDA/USDA-FSIS/CDC, 2003).  This data 

combined with our knowledge that VA strains are highly prevalent in food (Jaquet et al., 

2004; Nightingale et al., 2005; Van Stelten et al., 2010), indicates humans are commonly 

exposed to VA L. monocytogenes.  Additionally, Chen et al. (2011) determined the 

average dose of L. monocytogenes per RTE food serving for specified virulence 

subgroups.  Data from this study indicated fully-virulent L. monocytogenes without an 

inlA PMSC had an average dose of 1.76x103 CFU/serving, while VA L. monocytogenes 

subtypes with an inlA PMSC were found at significantly higher concentrations (2x105 

CFU/serving), with PMSC mutation type 4 specifically found at an elevated 

concentration of 1.36x106 CFU/serving (Chen et al., 2011).  

 

While we have previously shown that exposure to a L. monocytogenes strain 

carrying a VA inlA PMSC at a high dose (1x1010 CFU) confers protection against 

subsequent challenge (15 days post-infection) by an EC strain in a guinea pig model 

(Nightingale et al., 2008), the need still remains to (i) determine if immunological 
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protection can be provided by VA strains administered at levels representative of 

contamination commonly found in foods (i.e. 2x103 CFU - 2x107 CFU), at a time point 

where initial infection has cleared and immunological memory has been acquired (i.e. 

>40 days), and (ii) characterize specific T cell-mediated immune responses and duration 

of immunological protection.  While the use of a guinea pig model is most appropriate to 

mimic oral infection in the human due to expression of the human-isotype of the InlA 

receptor, E-cadherine, the lack of available reagents limits its use for immunological 

studies. Despite mice being a poor model for oral Listeria infection, Listeria immunology 

has been extensively studied using the mouse model via intravenous infection. More 

recently, genetic engineering approaches have focused on ‘humanizing’ mice (Lecuit et 

al., 2001; Disson et al., 2008), as well as ‘murinization’ of InlA (Monk et al., 2010; 

Wollert et al., 2007), allowing for investigation of immune response to natural oral 

Listeria infection. As a result, the objective of this study was to orally inoculate BALB/c 

mice with a range of doses of a murinized L. monocytogenes strain carrying the most 

common virulence-attenuating SNP in inlA, and using appropriate controls, assess the 

ability of low-risk doses (relevant to levels of natural exposure through food) of fully-

virulent and VA L. monocytogenes strains to (i) raise Listeria-specific CD8+ T cell-

mediated immune responses and (ii) confer disease protection against clinical infection in 

a subsequent high-risk challenge. 

 

Materials & Methods  

Bacterial isolates and strains. The following strains were used in this study: (i) the well 

characterized standard laboratory control strain EGD-e, (ii) EGD-eM* (a fully-virulent 
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murinized form of EGD-e; Monk et al., 2010), (iii) EGD-eM*:PMSC3, a virulence-

attenuated form of EGD-eM* via the introduction of a VA SNP leading to InlA PMSC 

mutation type 3, and (iv) Listeria innocua TTU B1-019 (formerly ATCC 33090) (Table 

1). The EGD-eM* strain was constructed in the background of EGD-e by substituting 

three nucleotides to increase affinity for the murine isoform of E-cadherin (Monk et al., 

2010).  

Genetic engineering of the virulence-attenuated murinized L. monocytogenes strain 

carrying an InlA PMSC. The native form of E-cadherin found in mice and rats differs 

from the human form of E-cadherin by a single amino acid; this substitution prohibits 

InlA from binding to E-cadherin in mice and rats (Lecuit et al., 1999). The guinea pig and 

gerbil isoform of E-cadherin however, interacts with InlA (Lecuit et al., 2001), but are 

limiting for immunological studies due to lack of reagents, which are commonly 

developed for mice. To compensate for the lack of specificity between L. monocytogenes 

and the murine isoform of E-cadherin, a previous study ‘murinized’ L. monocytogenes 

(EGDe-M*; Monk et al., 2010). More specifically, Monk et al. (2010) re-created the 

murinized L. monocytogenes strain initially designed by Wollert and colleagues (Wollert 

et al., 2007) using a technique that minimized the likelihood of secondary mutations and 

incorporated Listeria-optimized codons encoding the altered amino acids.  

Herein, we introduced the most common InlA PMSC mutation (PMSC type 3) into EGD-

eM* to enable characterization of VA L. monocyotogenes strains in an oral mouse 

infection model. This mutant was constructed using the allelic exchange mutagenesis 

procedure, as previously discussed (Camili et al., 1993), with the suicide shuttle vector 
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pKSV7 that carries a temperature-sensitive oriR for Listeria. Primer sequences for 

mutant constructs are listed in Table S1 of the supplemental material.  This procedure 

generated a mutant carrying PMSC type 3 by integrating a stop codon (TAG) for amino 

acid Tyrosine (TAC) at position 700 by a single nucleotide substitution of a G for a C at 

nucleotide position 2100; this approach, therefore, yielded a strain that differed from its 

parent strain by the presence of a SNP responsible for the VA PMSC type 3 in InlA.  The 

mutant construct was verified by sequencing the 3’ region of inlA as detailed previously 

(Supplemental table S1; Nightingale et al., 2005).   

Bacterial growth conditions for cell culture invasion assays and oral inoculum 

preparation. Bacterial cultures for invasion assays were grown in brain heart infusion 

(BHI; Becton Dickson, Sparks, MD) broth at 30°C statically for 18h as described 

previously (Nightingale et al., 2005). Bacterial cultures used for mouse infection 

experiments were grown at 37°C with shaking overnight for 12-18 hours. Bacterial 

counts for cell invasion assays and mouse inocula were determined by plating appropriate 

serial dilutions on BHI agar in parallel with each experiment.  Inoculum for oral mouse 

infection was prepared as described in Monk et al. (2010); overnight cultures were 

centrifuged (7,000 x g for 5 min), serially diluted in PBS to the desired CFU, and 

resuspended in PBS containing 100 mg/ml of calcium carbonate (CaCO3) in a total 

volume of 100µl.  

Bacterial growth curves.  The resultant virulence-attenuated murinized strain (EDG-

eM*:PMSC3) and the fully-virulent EGD-eM* strain were evaluated for growth defects 

using a standard growth curve assay where growth characteristics of the mutants were 



Texas Tech University, Anna Van Stelten, August 2014 

78#
#

compared to the parent strain, as previously described (Oliver et al., 2010). Briefly, BHI 

broth was inoculated with populations of the L. monocytogenes strains (6.68 LOG10 

CFU/ml) and was maintained at 37°C for 12h with agitation.  OD was read every hr for 

12 hrs and bacteria were plated at time point 0 hr, OD=.4, 8 hr, 10 hr, and 12 hr. Three 

biological replicates of each assay were performed.  

Cell culture invasion assays.  The resultant virulence-attenuated murinized strain (EDG-

eM*:PMSC3) and the fully-virulent EGD-eM* strain were evaluated for cell invasion 

efficiencies using cell culture invasion assay where invasion capabilities of the mutants 

were compared to the parent strain.  Assays were performed in both human intestinal 

epithelial Caco-2 cell and mouse intestinal epithelial CT-26 cell lines. Invasion assays 

were performed essentially as previously described (Nightingale et al., 2005). Briefly, 

semiconfluent monolayers were inoculated with approximately 2x107 L. monocytogenes 

cells/well (each strain was assayed in duplicate wells), and the exact inoculum was 

determined by plating on BHI agar. Cell monolayers inoculated with L. monocytogenes 

were incubated at 37°C for 30 min, followed by three washes with PBS to remove 

nonadherent bacteria and then the addition of fresh medium without antibiotics. Medium 

containing 150 µg/ml gentamicin was added 45 min postinoculation to kill extracellular 

bacteria. At 90 min postinoculation, infected cell monolayers were washed three times 

with PBS and subsequently lysed by addition of cold sterile deionized water with 

vigorous pipetting to release intracellular bacteria. Intracellular L. monocytogenes cells 

were enumerated by spread-plating appropriate dilutions of the lysed cell suspensions on 

BHI agar. An uninoculated BHI broth was included as a negative control in each invasion 

assay. Three biologically independent assays for each strain were performed in both cell 
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lines. Invasion efficiency was reported as the natural log of the percentage of initial 

inoculum recovered after enumeration of intracellular bacteria. 

Statistical analysis of cell culture invasion assays. Natural log-transformed Caco-2 cell 

and CT-26 cell invasion efficiency data (intracellular populations were expressed as a 

percentage of the inocula) for L. monocytogenes strains were analyzed using a one way 

ANOVA with isolate as a class variable as implemented in the MIXED procedure of SAS 

(Statistical Analysis Systems Software, Cary, NC). Mean separation on independent 

variables was achieved using Tukey’s HSD for multiple comparisons. Natural log 

transformations were used to satisfy the assumptions of the ANOVA; a Shapiro-wilk’s 

test for normality and Levene’s test for homogeneity were run to ensure data met 

assumptions of the ANOVA. Probabilities of <0.05 were considered statistically 

significant. 

Oral mouse infection. Female BALB/c mice (8-10 weeks old; Charles River 

Laboratories, North Wilmington, MA) were housed in individual cages at the Texas Tech 

University Laboratory Animal Resources Facility under conditions adhering to 

regulations outlined by the Institutional Animal Care and Use Committee (Animal 

protocol T12002). Animals were acclimated for a minimum of 5 days and provided feed 

and water ad libitum. Through a feeding needle, animals were compelled to ingest a dose 

of one of four Listeria strains as a ‘vaccination’ treatment [i.e., L. monocytogenes EGD-e, 

murinized L. monocytogenes EGD-eM* (virulent), murinized L. monocytogenes EDG-

eM*:PMSC3 carrying inlA PMSC type 3 (virulence-attenuated), or an 

avirulent Listeria innocua strain used as a nonpathogenic control] or a placebo carrier 
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solution (PBS; negative control) to represent ‘unvaccinated’ animals.  Inoculum was 

resuspended in a 100µl volume supplemented with calcium carbonate (CaCO3; 

100mg/ml).  The feeding needle was then flushed with 100µl of PBS to ensure full 

inoculum dose was delivered to the animal. A minimum of three animals were exposed to 

each Listeria strain or carrier solution at the appropriate dose.   

For in vivo virulence characterization of the mutant constructs used in this study, 

animals were inoculated at 2x109 CFU and maintained for 72 hours post-inoculation 

before euthanization via CO2 asphyxiation.  For studies that involved measuring recall 

CD8+ T cell immune responses and characterization of protective immunity via a vaccine 

challenge model, each experimental group was inoculated at varying levels (2x103, 

2x105, or 2x107 CFU) and maintained for >40 days post-inoculation. After primary L. 

monocytogenes infection, there is an initial expansion of pathogen-specific CD8+ T 

effector cells, followed by a contraction phase where ca. 75% of antigen-specific CD8 T 

cells are eliminated from the spleen, ultimately leading to establishment of a stably 

maintained pool of resting memory CD8+ T cells (Badovinac et al., 2003). Badovinac 

and Harty (2007) demonstrated that duration of 40 days was required for T cell 

conversion to a central memory phenotype following primary L. monocytogenes infection 

(Badovinac and Harty et al., 2007). 

  Mice allocated for the vaccine challenge study were then challenged with EGD-

eM* at a high dose (2x107 CFU) 72 hours prior to euthanization. Mice allocated for the 

CD8+ T cell study were immune boosted 72 hours prior to euthanization with the same 

strain/dose combination used at primary inoculation (PBS negative control mice were 

boosted with EGD-eM* at a high dose (2x107 CFU)). All animals were examined for 
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listeriosis symptoms and weighed daily. Fresh feed and water were provided daily and 

cages cleaned twice weekly; inoculated animals were not comingled. 

Organ processing for microbiological analysis. Post-euthanization, select internal 

tissues (i.e., liver (gall bladder removed), spleen, mesenteric lymph nodes and small 

intestine) were aseptically removed, weighed and processed for microbiological analyses 

to detect and enumerate resultant L. monocytogenes. Small intestine samples were 

washed twice with PBS and subsequently treated with gentamicin (150 µg/ml in 

Dulbecco’s modified Eagle medium (DMEM; Gibco, Life Technologies, Grand Island, 

NY)) for 90 minutes at room temperature to eliminate extracellular microflora.  Small 

intestines were then washed twice again with PBS prior to homogenization in order to 

wash off residual antibiotic residues. Organs were homogenized in cold PBS (10ml for 

livers; 5ml for spleens and small intestines; 3ml for mesenteric lymph nodes) in sterile 

50ml conical tubes using a tissue homogenizer probe (Power gen 500; Fisher Scientific). 

Bacterial numbers in select organs were determined by plating appropriate dilutions on 

BHI agar and incubating overnight at 37°C. Selective enrichment of organ homogenates 

was also performed to allow for detection of L. monocytogenes in samples having low 

bacterial numbers. More specifically, 1 ml of organ homogenate was selectively enriched 

into 9 ml of Listeria enrichment broth (LEB; Difco, Sparks, MD) at 30°C for 48 h. 

Aliquots (100µl) of enrichments were streaked onto Oxford plates (Difco; Oxoid, 

Hampshire, United Kingdom) and plates were incubated at 35°C for 48 h. A previously 

described PCR-RFLP assay (Nightingale et al., 2005) was used to characterize resultant 

colonies from each L. monocytogenes-positive organ for animals vaccinated with EGD-
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eM*:PMSC3 to differentiate from the challenge strain. Five colonies were screened with 

the PCR-RFLP assay per positive plate.  

Spenocyte processing and isolation of dentritic cells (DCs) and CD8+ T cells. As 

mentioned previously, mice were given a booster immunization of their appropriate 

strain/dose combination 72 hours prior to euthanization to initiate a recall immune 

response. Following euthanization, spleens were aseptically removed and gently pressed 

through a cell strainer (70uM nylon mesh) in Hank’s balanced salt solution (HBSS; Life 

Technologies, Grand Island, NY) supplemented with 5% low IgG fetal bovine serum 

(FBS; HyClone, Logan, Utah) to obtain a single-cell suspension of spenocytes. Red blood 

cells were subsequently lysed via PharmLyse buffer (BD Pharmingen, San Jose, CA) and 

spenocytes (approx. 1x 108) were subjected to positive selection for DCs via the CD11c 

MicroBeads mouse kit (MACS Miltenyi Biotec, Auburn, CA), followed by negative 

selection for CD8+ T cells via the CD8a+T Cell Isolation Kit II for the mouse (MACS 

Miltenyi Biotec, Auburn, CA).   

Dendritic cell (DC) activation and in vitro T cell-stimulation culture.  Protective 

immunity requires infection with L. monocytogenes that is capable of escaping the 

vacuole (i.e. strains which express LLO). While in the cytosol, L. monocytogenes secretes 

a small number of proteins (Villanueva et al., 1995).  CD8 T cells specific for four 

epitopes from only three different proteins constitute most of the response (Busch et al., 

1998). The immunodominant protein, LLO, is the most antigenic of these secreted 

proteins and thus a large percentage of CD8 T cells are specific for epitopes pertaining to 

this protein (Haring and Harty, 2006).   
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For DC activation ex vivo, freshly isolated splenic DCs were pulsed with 10ug/ml of the 

Listeria specific peptide LLO91-99 (Anaspec, Fremont, CA) in DMEM + 5% FBS for 4 

hours (37°C with gentle shaking) and subsequently treated with Mitomycin C (Fisher 

Bioreagents, Fairlawn, NJ) for 20 min at 37°C to prevent DCs from producing cytokines 

known to stimulate T cells independently of their T cell receptor (TCR).  DCs were then 

washed 3 times with DMEM + 5% FBS. In a tissue culture plate (Corning Costar, 

Corning, NY), DCs were cultured with purified populations of CD8+ T cells ex vivo at a 

ratio of 1 DC per 2.5-5 CD8+ T cells overnight in DMEM + 5% FBS for approximately 

12 hours in the presence of GolgiPlug (BD, San Jose, CA) to prevent protein secretion. 

Intracellular interferon-γ . The frequency of IFN-γ secreting CD8+ T lymphocytes 

specific for L. monocytogenes was determined for animals >40 days post-infection by 

cytokine staining using the Cytofix/Cytoperm™ PlusFixation/Permeabilization Kit (BD 

Pharmingen, San Jose, CA).   Following culture, lymphocytes were stained for the cell 

surface expression of CD8β (single stain; PE rat anti-mouse CD8b.2 antibody BD clone 

53-5.8), and co-stained with CD62L (FITC rat anti-mouse CD62L antibody BD clone 

MEL-14) and CD44 (PE-Cy 7 rat anti-mouse CD44 antibody BD clone IM7); after which 

cells were fixed and permeabilized and subsequent intracellular staining of IFN-γ was 

determined using rat anti-mouse Alexa Fluor 647 INF-γ antibody (BD clone XMG1.2), 

according to the kit manufacturer’s instructions. Percentage of CD8+ INF-γ+ T cells, 

along with memory phenotyping via CD44/CD62L expression, was determined by flow 

cytometry on the Accuri C6 (BD Pharmingen, San Jose, CA) and further analysis was 

performed through FlowJo (TreeStar, Ashland, OR). 
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Statistical analysis of mouse infection experiments. For oral mouse infections 

characterizing the virulence of the mutant constructs, two animals were infected with 

each of the three strains per experiment and three biologically independent replications of 

each experiment were performed. The recovery levels (in LOG CFU/g) of L. 

monocytogenes from internal organs were used as the main measure of virulence.  

For mouse vaccination experiments designed to evaluate protective immunity provided 

after challenge with a fully virulent L. monocytogenes strain, a minimum of three animals 

were infected with each of the seven strain/dose treatment groups, including both 

‘vaccinated’ and ‘unvaccinated’ animals. The recovery levels (in LOG CFU/g) of L. 

monocytogenes from internal organs were used as the main measure of level of protection 

provided by vaccine strategy (i.e. strain/dose treatment). Bacterial counts for organ 

samples that were either (i) negative by direct plating to BHI but positive by enrichment, 

or (ii) negative by both directing plating and enrichment were reported as the (i) detection 

limit by direct plating procedure, or (ii) the detection limit by the enrichment procedure, 

respectively.   

For mouse CD8 T cell experiments designed to evaluate the frequency of IFN-

γ secreting CD8+ T lymphocytes specific for L. monocytogenes, a minimum of four 

animals were infected with each of the seven strain/dose treatment groups. Samples 

analyzed for each animal included: CD8+ T cells, CD8+ T cells with DCs, and CD8+ T 

cells with DCs cultures with LLO91-99 peptide.  All data presented here represents the 

population of CD8+ T cells cultured with DCs presenting LLO antigen. The percent 

positivity of IFN-γ from the total CD8+ T cell population, the effector memory 
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population (CD44+, CD62L-), the central memory population (CD44+, CD62L+), and 

naïve cell population (CD44-, CD62L+), was used as the main measure of response by 

each strain/dose treatment.  

All statistical analysis were performed using a linear mixed model as implemented in the 

MIXED procedure of SAS (Statistical Analysis Systems Software, Cary, NC). For the 

vaccine experiment observing bacterial counts in organs, a 3x7 factorial ANOVA was 

used where replicate was the random effect, and strain and organ were fixed effects. For 

the experiment observing IFN-γ frequency, a nested ANOVA was used where treatment 

(strain/dose combination) was nested within experiment. Replicate was the random 

effect, and dose, strain and treatment were all fixed effects. Mean separation on 

independent variables, for which significant treatment effects were identified, was 

performed using an lsmeans statement. Log transformations were used where appropriate 

to satisfy the assumptions of the ANOVA; a Shapiro-Wilk’s test for normality and 

Levene’s test for homogeneity were run to ensure data met assumptions of the ANOVA. 

Probabilities of <0.05 were considered statistically significant. 

 

Results  

Virulence-attenuated murinized L. monocytogenes show reduced invasion efficiency 

in mouse CT-26 cells, as well as reduced infection capability in the intragastric 

murine model. 

In this study, site directed mutagenesis was used to introduce InlA PMSC3 into 
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EGD-eM*, a previously murinized L. monocytogenes strain (Monk et al., 2010). Normal 

growth and viability of the resultant L. monocytogenes mutant construct (EGD-

eM*:PMSC3), along with other L. monocytogenes strains used in this study, were 

investigated (EGD-e and EGD-eM*) (Supplemental Table 1). For growth curves, BHI 

broth was inoculated with populations of the three strains (6.68 LOG10 CFU/ml) and was 

maintained at 37oC for 12h. There were no differences in growth between isolates at 

37°C and all strains had exceeded 9.7 LOG10 (CFU/ml) by 12h.  

For L. monocytogenes strains EGD-e, EGD-eM*, EGD-eM*:PMSC3, and L. 

innocua (non-pathogenic control; does not express InlA) cell invasion efficiencies were 

compared in Caco-2 and CT-26 cell monolayers. As anticipated, invasion did not differ 

(P>0.05) between EGD-e and EGD-eM* in human Caco-2 cells (Figure 1A). In mouse 

CT-26 cells, invasion of EGD-eM* was significantly (P<0.05) higher compared to all 

strains (Figure 1B), and importantly, EGD-eM*:PMSC3 showed attenuated invasion in 

both cells lines (P<0.05) (Figure 1 A&B).  We also evaluated the virulence of these 

strains in vivo in female BALB/c mice via oral inoculation at 2x109 CFU. Mice infected 

with EGD-eM* showed significantly higher (P<0.05) bacterial levels in the liver, spleen, 

mesenteric lymph nodes, and small intestines as compared to EGD-e at 72 hours post-

infection. EGD-eM*:PMSC3 only displayed attenuated virulence, as determined by lower 

bacterial loads, in livers, spleens, and mesenteric lymph nodes, but not in small intestines 

(Figure 2). Significant differences were not observed between EGD-eM* and EGD-

eM*:PMSC3 in the gut associated lymphoid tissue (GALT), which could be explained by 

murinization of L. monocytogenes mediating not only E-cadherin dependent 

internalization but also N-cadherin dependent internalization leading to enhanced innate 
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immune response and inflammation within these tissues (Tsai et al., 2013).  Although this 

is a limitation to our study, the strains used here still serve as an appropriate and 

accessible tool for the analysis of the gastrointestinal phase of listeriosis in wildtype mice 

and more importantly, a means to assess immune responses to virulence-attenuated L. 

monocytogenes via the natural oral route of infection. 

Immune mice generate equivalent CD8+ T cell responses following inoculation with 

virulent and virulence-attenuated murinized L. monocytogenes. 

Due to L. monocytogenes’ intracellular life style, extracellular responses such as 

antibody production and complement are ineffective mechanism of protection against L. 

monocytogenes infection. The lack of an important role for antibodies in an L. 

monocytogenes infection was demonstrated by the ability of lymphocytes, but not serum, 

from immunized mice to confer protection in naïve mice (Miki and Mackaness, 1964). 

Thus, CD4 and CD8 T cells comprise most of the adaptive immune response to L. 

monocytogenes, with an emphasis on CD8 T cells (Harty and Bevan, 1999; Kaufmann, 

1993; Zenewicz and Shen, 2007). While the innate immune system is crucial for control 

of L. monocytogenes infection, T cells are required for the final clearance of the pathogen 

from the body, as demonstrated by Unanue (1997) in the severe combined 

immuondeficient CB-17 SCID mouse model (Unanue, 1997). An array of evidence 

indicates that CD8+ T cells play the predominant role in mediating protective immunity 

(Goossens et al., 1992; Miyahira et al., 1995). CD8+ T cells mediate L. monocytogenes 

immunity via two mechanisms: i) cytotoxic T lymphocytes (CTLs) lysing infected target 

cells through production of perforin and granzyme to expose intracellular L. 
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monocytogenes to phagocytic cells such as activated macrophages, and ii) secreting IFN-

γ to hyper-activate macrophages (Harty and Badovinac, 2002).  

Production of antigen-specific memory T lymphocytes from immunization is 

necessary for protection against an oral challenge with L. monocytogenes; therefore, we 

evaluated the ability of a VA L. monocytogenes strain carrying the most 

common inlA PMSC mutation to induce antigen-specific memory T lymphocyte 

responses. Specifically, the cell-mediated effector response evaluated was intracellular 

interferon-γ (IFN-γ) of CD8+ T cells (Geginat et al., 2001; Badovinac and Harty, 2000; 

Messingham et al., 2007 ). Briefly, groups of BALB/c mice (n=4) were infected with 

Listeria strains (EGD-eM* at 2x103 and 2x107 CFU or EGD-eM*:PMSC3 at 2x105 and 

2x107 CFU), along with a control animal inoculated with L. innocua and another 

administered a PBS carrier solution (negative control). Animals were then maintained for 

>40 days before receiving a booster immunization of the same strain/dose combination as 

during primary inoculation. On day 3 (72 hours) after the immunization booster, 

splenocytes were harvested and cultured ex vivo with LLO91-99 peptide, then stained for 

the cell surface markers CD8β, CD44, and CD62L, subsequently fixed and 

permeabilized, and stained for intracellular accumulation of IFN-γ.    

The frequency of antigen-specific CD8+ T cells induced in mouse spleens >40 

days after primary infection was determined through evaluation of the number of IFN-γ 

producing CD8+ T cells induced showing reactivity against the dominant LLO91-99 

epitope.  Both the fully-virulent strain EGD-eM* and the VA strain EGD-eM*:PMSC3 

were able to elicit LLO91-99-specific CD8+ T cells at equal frequencies (P>0.05) when 

inoculated with 2x107 CFU during primary infection.  Specifically, total IFN-γ 
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frequencies of 3.6% and 4.1% for EGD-eM* and EGD-eM*PMSC3 were observed, 

respectively (Figure 3). Both strains elicited LLO91-99-specific CD8+ T cells when 

inoculated at their respective doses commonly found in foods (i.e. EGD-eM* at 2x103 

CFU and EGD-eM*:PMSC3 at 2x105 CFU) at frequencies significantly higher (P<0.05) 

than the PBS control (Figure 3). Administration of PBS did not mount a Listeria-specific 

CD8+ T cell response. Although animals inoculated with L. innocua at 2x103 CFU and 

2x105 CFU showed no significant difference (P>0.05) in total IFN-γ produced from the 

PBS negative control, interestingly, animals inoculated with L. innocua at 2x107 CFU 

mounted a IFN-γ+ CD8+ T cell response similarly to animals infected with EGD-eM* at 

2x103 and 2x107 CFU and EGD-eM*:PMSC3 at 2x105 CFU (Figure 3).   

Mice immunized with virulent and virulence-attenuated murinized L. 

monocytogenes produce significant central memory, but not effector memory, CD8+ 

T cell populations in the spleen. 

To address the contribution of effector and central memory CD8+ T cells in 

mediating long-lasting immunity after primary inoculation with either the fully-virulent 

EGD-eM* or the VA strain EGD-eM*:PMSC3, the expression of the cell surface 

adhesion molecules CD62L and CD44 were quantified (Figure 4).  Expression of CD62L 

is downregulated on the surface of cytotoxic CD8+ T cells when they become protective 

memory T cells (Goossens et al., 1992).  Comparatively, CD44 is expressed at high levels 

on memory T cells, but are completely absent on naïve T cells (Manjunath et al., 2001). 

These markers allowed us to observe frequency of IFN-γ within the effector memory 

(CD44+, CD62L-), the central memory (CD44+, CD62L+), and the naïve cell 
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populations (CD44-, CD62L+), for each strain/dose treatment. Overall, similar trends for 

central memory IFN-γ+ cells were observed as in total IFN-γ for the CD8+ T cell 

population.  Specifically, both the fully-virulent strain EGD-eM* and the VA strain 

EGD-eM*:PMSC3 were able to elicit LLO91-99-specific CD8+ T cells at equal 

frequencies (P>0.05) at all doses examined and at frequencies significantly higher 

(P<0.05) than the PBS negative control (Figure 4). Administration with PBS did not elicit 

a Listeria-specific CD8+ T cell response, and again, animals inoculated with L. innocua 

at 2x107 CFU mounted a significant (P<0.05) IFN-γ+ central memory cell response 

(Figure 4).  Concurrent with the literature, and due to the nature of central memory cells 

localizing mainly in lymphoid organs, such as the spleen, and effector memory cells 

localizing in peripheral tissues, within this study we did not observe a robust effector 

memory cell population that was responsible for contribution of IFN-γ (Figure 4).  No 

significant differences (P>0.05) were shown between the negative PBS control and any 

of the strain/dose treatments, with the exception of EGD-eM* at 2x103 CFU, which 

displayed only marginally significantly (P=0.0477) higher IFN-γ production from 

effector memory phenotype CD8+ T cells (Figure 4). Overall, central memory CD8+ T 

cells provided the largest proportion of IFN-γ produced in mouse spleens after primary 

infection with L. monocytogenes.   

 

Oral vaccination with virulence-attenuated murinized L. monocytogenes provides 

protection against subsequent virulent L. monocytogenes challenge in mice.  
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As CTLs are considered an important defense against L. monocytogenes, and after 

confirmation that VA strains could successfully elicit an effective memory CD8+ T cell 

response, we chose to conduct further experiments to determine if lower exposure oral 

doses to VA strains could provide immune protection against clinical infection in a 

subsequent high-risk challenge.  Briefly, groups of at least 6 BALB/c mice were exposed 

to two treatments, including (i) oral inoculation (‘vaccinated’) with a dose (corresponding 

to doses relevant to food exposure for specified virulence subtypes) of either a fully 

virulent L. monocytogenes strain EGD-eM*, or L. monocytogenes strain EGD-

eM*:PMSC3 carrying a VA SNP in inlA or (ii) oral delivery of the PBS carrier solution 

(“unvaccinated”). Animals were maintained for >40 days after the primary inoculation 

and subsequently orally challenged by a high dose (2x107 CFU) of fully-virulent EGD-

eM*.  

To determine the protective capacity of the memory CD8+ T cell population 

generated, the clearance of bacteria from specific organs (i.e. liver, spleen, and small 

intestine) was analyzed 72 hours after high-dose challenge with EGD-eM* by bacterial 

enumeration.  Overall, the data from the vaccination study demonstrated that both the 

inoculating dose and the strain used for primary infection had an effect on protection 

provided against subsequent challenge >40 days later (Figure 5).  Specifically, when 

compared to unvaccinated animals, no significant protection (P>0.05) was provided by a 

primary inoculation at 2x103 CFU for any organs analyzed, even when inoculated with 

the fully-virulent strain EGD-eM* (Figure 5).  However, significant protection (P<0.05) 

was provided by both strains EGD-eM* and EGD-eM*:PMSC3 at a primary inoculation 

of 2x105 and 2x107 CFU in the spleens of mice when compared to the unvaccinated 
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group (Figure 5).  According to existing L. monocytogenes risk assessments based on 

non-pregnant animal challenge studies, recovery of L. monocytogenes from the spleens 

was considered the organ most indicative of systemic L. monocytogenes infection (FAO-

UN/WHO, 2004; FDA/USDA-FSIS/CDC, 2003). In the small intestines and liver, 

however, EGD-eM* and EGD-eM*:PMSC3 administered at 2 x 105 CFU did not provide 

significant protection (P>0.05), protection was only provided when administered 

inoculum at 1x107 CFU for these organs (Figure 5). The PCR-RFLP assay revealed only 

the challenge strain was enumerated from organs, as the primary inoculating strain was 

never detected.  

 

Discussion 
In 2006, Callaway and colleagues published a paper in regards to the hygiene 

hypothesis and foodborne illnesses.  The authors proposed a unique perspective that our 

food supply could be too clean and that decreasing rate of illness has recently stalled 

indicating we may have reached a region of diminishing returns on further development 

of intervention strategies (Callaway et al., 2006).  For example, while the current L. 

monocytogenes risk assessment implicated RTE deli meats as the food vehicle 

responsible for almost 90% of human listeriosis cases, declines in L. monocytogenes 

contamination of deli meats and the incidence of human disease have not paralleled each 

other, further supporting that other factors may play an important role in the 

epidemiology and food attribution of listeriosis. Herein, we hypothesized that exposure to 

L. monocytogenes strains carrying viruelence-attenuating SNPs in inlA, which represent 

45% of isolates from RTE foods, through consumption of contaminated foods, serves as a 

route of natural vaccination and that reducing the prevalence of these strains may have 
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undesirable consequences on population immunity against L. monocytogenes. Despite 

considerable efforts by government and industry to prevent exposure to L. 

monocytogenes through contaminated food, the goal outlined by the Healthy People 2010 

Initiative to reduce the baseline 1996-1998 incidence of listeriosis by 50% was not 

achieved. The new goal to reduce the updated baseline 2010 incidence of listeriosis by 

25% was outlined as an objective in the Healthy People 2020 Initiative (USDHHS, 

2012). In order to meet this new goal, it may be necessary to re-examine our current 

assumptions that exposure to any L. monocytogenes strain is detrimental to public health 

and consider the possibility that past efforts to eliminate all L. monocytogenes strains in 

foods may have had an unintended but undesirable affect on population immunity against 

listeriosis.  

They hygiene hypothesis as it applies to food safety.  

This food safety paradox may in part be explained by application of the “hygiene 

hypothesis” to food safety, in that frequent, low-risk exposures to pathogens (e.g., to VA 

L. monocytogenes strains or L. innocua) through naturally-contaminated food provides 

protective immunity. Through application of efficacious food safety controls (e.g., 

sanitation, processing interventions and management practices), low-level contamination 

has been reduced and this may have unintended public health consequences when food 

safety systems fail resulting in sporadic high-level contamination events, which leads to 

outbreaks of foodborne illness. At the heart of the hygiene hypothesis is the concept that 

for many infectious diseases, the benefit of becoming infected, which may be subclinical 

or manifest as clinical disease, is that it provides subsequent immunity. However, this 

immunity is not always life-long and sometimes requires periodic re-exposure (e.g., 
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through consumption of contaminated food). Therefore, reducing the presence of 

pathogens in food may not necessarily lead to a proportional reduction in the incidence of 

disease. Rather, an intermediate occurrence of food contamination may be associated 

with the highest public health burden.  For infections with temporary immunity (which 

include most foodborne infections), a long standing evidence suggests that re-exposure to 

infection may extend the duration of the protective immunity while shortening the length 

and severity of the infection, including a reduction in mortality rates (Collins, 1968; 

Nightingale et al., 2008). A study by Fensterbank (1986) demonstrated the level 

of immunity provided by vaccination with a mutant strain of L. monocytogenes with 

reduced virulence appeared very early after vaccination, remained stable for at least four 

months, then waned slowly afterwards, but was restored and enhanced by a recall 

exposure (Festerbank 1986). In other words, the immunity is boosted by re-exposure 

while re-colonization during the period of immunity usually entails mild or no clinical 

symptoms (Swart et al., 2012). To investigate this concept, Swart et al. (2012) conducted 

mathematical modeling of foodborne campylobacteriosis in humans and demonstrated 

that reducing human foodborne exposure to Campylobacter may not necessarily lead to a 

reduction in the occurrence of clinical disease. An additional example would be from a 

food safety standpoint, in Mexico, Escherichia coli O157:H7 (an enterohemorrhagic E. 

coli or EHEC) is rarely observed in clinical settings and no reports of hemolytic uremic 

syndrome (HUS) or hemorrhagic colitis (HC) in association with O157:H7 have been 

documented (Navarro et al., 2003), yet enteropathogenic E. coli (EPEC) and 

enterotoxogenic E. coli (ETEC) are commonly found in food and water supplies, as 

evidenced by the terms “Traveller’s diarrhea” and “Montezuma’s revenge” 
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(Bouckenooghe et al., 2002).  However, it is well documented that E. coli O157:H7 is 

present in cattle, swine and poultry in Mexico (Amezquita-Lopez et al., 2012; Callaway 

et al., 2004; Narvaez-Bravo et al., 2013), and is present in the human food supply 

(Heredia et al., 2001; Gomez-Aldapa et al., 2013). It has been speculated the daily “dose” 

of EPEC builds adaptive immunity and protects the population from the more pathogenic 

EHEC strains (Callaway, 2006).  More specifically, it is hypothesized that exposure to 

O157-related E. coli lipopolysaccharide (LPS) at an early age, could explain why 

diarrheal disease due to different serotypes of E. coli is prevalent in Mexico, with only 

sporadic isolation of O157 strains (Navarro et al., 2003; Voravuthikunchai et al, 2005).   

Memory CD8+ T cells generated by VA strains are capable of providing protective 

immunity at levels they are commonly isolated from foods. 

Previous work has shown VA L. monocytogenes strains are frequently isolated 

from food (Jaquet et al., 2004; Nightingale et al., 2005; Van Stelten et al., 2010), and the 

current risk assessment indicates we are commonly exposed to L. monocytogenes through  

contaminated foods, lending to the assumption people are frequently consuming VA L. 

monocytogenes. Studies completed by Chen et al. (2011) demonstrated fully-virulent L. 

monocytogenes had a low average contaminating dose of 1.76x103 CFU/serving, while 

VA L. monocytogenes subtypes with an inlA PMSC were found at significantly higher 

concentrations (2x105 CFU/serving to 1.36x106 CFU/serving specifically for PMSC type 

4) (Chen et al., 2011).  Additionally, our group demonstrated exposure to a L. 

monocytogenes strain carrying a VA inlA PMSC at a high dose (1x1010 CFU) was able to 

confer protection against a subsequent challenge (15 days post-infection) by an EC strain 
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in a guinea pig model (Nightingale et al., 2008).  In this study, we consequently 

investigated the ability of VA L. monocytogenes strains carrying a PMSC in InlA to (i) 

elicit a CD8+ T cell mediated memory immune response through primary exposure 

relevant to concentrations commonly found in foods, and (ii) probed the ability of these 

strains to provide protective immunity against a subsequent challenge with a fully-

virulent L. monocytogenes strain at a high-risk dose. This study herein provided further 

evidence that after exposure to a VA L. monocytogenes strain, there is an expansion of 

Listeria-specific CD8+ T effector cells that ultimately lead to a stably maintained pool of 

central memory CD8+ T cells capable of providing long-term immunity. Overall, level of 

immune protection was dependent on strain and dose of initial exposure. This can be 

further validated by a study completed where mathematical modeling of immune 

response following challenge of pigs with different serotypes and doses of Salmonella 

revealed that the time to seroconversion and the level of immune response was dependent 

on the strain and dose of exposure (Ivanek, et al., 2012).  

Ultimately, data from the vaccine challenge study demonstrated that protection 

was not provided by any Listeria strain exposure at a low dose of ≤ 2x103 CFU, and 

although IFN-γ+ CD8+ T cells were produced at this inoculation level for the fully-

virulent strain, frequency was lower when compared to strains of either virulence subtype 

at higher doses (i.e. 2x105 and 2x107 CFU).  This could indicate that the more virulent 

strains of L. monocytogenes in the food supply might not play as great of role in priming 

our immune systems to subsequent infection, and VA strains may play a larger role in 

immune priming since they are frequently isolated from foods, and at overall higher 

levels of contamination (> 10,000-fold higher; Chen et al., 2006). Higher inoculum levels 
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pertaining to relevant doses of VA strains per food serving (e.g. 2x105 CFU/serving to 

1.36x106 CFU/serving) proved to provide protective immunity in both the vaccine 

challenge model and CD8+ T cell model. Overall, this study confirms that memory CD8+ 

T cells generated by VA strains are capable of providing protective immunity at levels 

they are commonly isolated from foods and that lack of a functional InlA protein does not 

impair protection against a secondary L. monocytogenes infection.  

Interestingly, animals inoculated with L. innocua at 2x107 CFU mounted a IFN-γ+ 

CD8+ T cell response similarly to animals infected with L. monocytogenes strains EGD-

eM* and EGD-eM*:PMSC3 (Figure 3).  Although, significantly high levels of IFN-γ+ 

CD8+ T were observed, L. innocua did not provide protection in the vaccine challenge 

model.  A study completed by von Koenig and colleagues demonstrated primary 

infection with L. innocua resulted in protection against a lethal challenge with the most 

virulent serotype (4b) of L. monocytogenes. They found the protective immunity could 

also be transferred by spleen cells, however, compared with the duration of immunity 

achieved by primary infection with L. monocytogenes, the protection induced by 

infection with L. innocua was short lived and dose-dependent (von Koenig et al, 1983).  

The induction of protective immunity to high-risk challenge with L. monocytogenes by a 

primary infection with L. innocua suggests a common immunogenic principle for all 

listeriae, which needs to be further investigated. 

 

While findings from this study should not be misinterpreted as a recommendation 

for food safety professionals to reduce efforts in continuing to control L. monocytogenes 

in the food supply, our data support the “hygiene hypothesis” and may allow us to make 
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more science-based decisions on controlling foodborne illness as we continue to prevent 

foodborne pathogens from entering the food supply.  For example, further efforts could 

focus on development of vaccines against foodborne disease for at-risk populations, such 

as pregnant women and the elderly.  Additionally, other factors may play an important 

role in the epidemiology and food attribution of listeriosis, besides application of the 

hygiene hypothesis to food safety. Other hypothesized factors that could explain the 

disparity in contamination levels and disease incidence include: (i) pathogen numbers 

being so low in foods that further reductions are approaching an asymptote, (ii) increased 

ability to colonize the human intestinal tract, either via evolution of bacterial virulence 

traits or a change in the human gastrointestinal flora, (iii) shift in bacterial fitness for 

niche survival; some pathogens may be evolving to more efficiently infect the host, (iv) 

an increase in clinical testing being performed and diagnostics becoming more 

sensitive/specific, and (v) a larger population of elderly and immune compromised 

patients are at risk. 

Results from this study will ultimately provoke research on the epidemiological 

consequences of food safety measures to control other important foodborne pathogens 

with similar epidemiological characteristics. Fitting mathematical models to our 

experimental data obtained here will be used in order to describe and evaluate the 

acquired immunity boosting and health burden in a population of experimental mice 

exposed to different doses of VA and fully-virulent L. monocytogenes strains. Models 

will then need to be adapted to describe human foodborne exposure to VA and fully-

virulent strains in order to evaluate the potential effect of VA exposure on the public 

health listeriosis burden under diverse food safety measures. Mathematical modeling 
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provides a mechanistic framework for translation of results from animal models to the 

human population and for examining the models in the context of evolutionary ecology 

of a foodborne infectious agent’s strain diversity and adaptation and anthropogenic 

factors such as the current food safety measures and the consumers’ immunocompetence. 

Collectively, these results confirm our hypotheses that aggressive efforts to eliminate 

pathogens in food has unintentionally resulted in a food supply that provides insufficient 

low-risk exposure to foodborne pathogens and that through modeling, it is possible to 

identify and quantify optimal non-zero frequencies and levels of foodborne pathogen 

exposures that will result in improved public-health metrics. These results will be 

communicated to the scientific community, policy makers and the general public and will 

thus have the potential to change societal perception on low risk exposures to pathogens 

in food and approach to control pathogens in food. 
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 Table 3.1: Description of L. monocytogenes strains used for cell culture and animal infection experiments 

 

 

 

 

 

 

Strain (previous 
name) Genotype or description Reference 

L. monocytogenes 
EGD-e Fully virulent laboratory control strain encoding a full-length InlA protein Glasser et al., 

(2001) 

L. monocytogenes 
EGD-eM*  

(EGD-eInlAm*) 

A murinized form of EGD-e; constructed in the background of EGD-e by 
substituting three nucleotides to increase affinity for the murine isoform of  

E-cadherin. 

Monk et al., 
2010 

L. monocytogenes 
EGD-eM*: PMSC3 

EGD-eM* carrying a virulence-attenuating SNP leading to PMSC mutation 
3 This study 

L. innocua TTU B1-
019 (ATCC 33090) ATCC Listeria innocua control strain 

American Type 
Culture 

Collection 
(ATCC) 
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Figure 3.1. Natural log (LN)-transformed human Caco-2 (A) and mouse CT-26 (B) cell invasion 
efficiencies for a non-murinized L. monocytogenes strain and murinized L. monocytogenes strains 
with and without a virulence-attenuating SNP in inlA.  Strains used are indicated on the x axis and 
are as follows: EGD-e is a laboratory control strain representing wildtype L. monocytogenes, 
EGD-eM* is a fully-virulent murinized L. monocytogenes strain (Monk et al., 2010), EGD-
eM*:PMSC3 is a murinized strain where InlA PMSC3 was introduced via site directed 
mutagenesis into the EGD-eM* background, and L. innocua was used as a non-pathogenic 
control.  The natural log-transformed invasion efficiency of each strain is represented on the y 
axis.  All strains were assayed in duplicate in each independent experiment, and three biologically 
independent experiments of the invasion assays were performed.  Columns represent mean 
invasion efficiency and error bars represent the standard error of the mean.  Statistical analysis 
were performed using a one-way analysis of variance (ANOVA) using Tukey’s HSD to account 
for multiple comparisons; differing letters indicate significantly different invasion efficiencies at 
the P<0.05 level.  
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Figure 3.2. L. monocytogenes populations recovered from 8-10 week old female BALB/c mice orally infected with non-murinized and 
murinized Listeria strains with and without a virulence-attenuating SNP in inlA at 72 hours post-infection.  Strains evaluated are on the x 
axis and are as follows: EGD-e is a laboratory control strain representing wildtype L. monocytogenes, EGD-eM* is a fully-virulent 
murinized L. monocytogenes strain (Monk et al., 2010), EGD-eM*:PMSC3 is a murinized strain where InlA PMSC3 was introduced via 
site directed mutagenesis into the EGD-eM* background. Mice (n=6) were infected at 2x109 CFU and recovery of strains from internal 
organs was used to define infection. Three biologically separate replicates including 2 mice per strain were performed.  Organ 
homogenates were serially diluted and plated on BHI for bacterial enumeration. Columns represent mean LOG CFU/gram of L. 
monocytogenes strains recovered from internal organs and error bars represent the standard error of the mean.  Statistical analysis were 
performed using a one-way analysis of variance (ANOVA) using LSD to account for multiple comparisons; differing letters indicate 
significant differences at the P<0.05 level.    

 

0$

1$

2$

3$

4$

5$

6$

7$

Liver$ Spleen$ Mesenteric$Lymph$Nodes$ Small$Intes?ne$

LO
G$
CF
U
/g
ra
m
$

Mouse$Organ$

EGD$e&

EGD$eM*&

EGD$eM*:PMSC3&

A$

B$

B

A$

B$ B$

A$

B$
B

A$

B$
AB$



Texas Tech University, Anna Van Stelten, August 2014 

107$
$

 

Figure 3.3. Frequency of total IFN-γ from CD8+ T cell populations recovered from spleens of 8-10 week old female BALB/c mice orally 
infected with murinized L. monocytogenes strains with and without a virulence-attenuating SNP in inlA, L. innocua and PBS (negative 
control) >40 days after primary inoculation.  Strain/dose treatment combinations evaluated are on the x axis. The y axis represents % of 
total CD8+ T cells producing IFN-γ. A minimum of 4 mice were inoculated with each strain/dose treatment combination. Columns 
represent mean % IFN-γ and error bars represent the standard error of the mean.  Statistical analysis were performed using a one-way 
analysis of variance (ANOVA) using LSD to account for multiple comparisons; differing letters indicate significant differences at the 
P<0.05 level.    

 

0$

1$

2$

3$

4$

5$

6$

Fr
eq

ue
nc
y$
of
$IF
N
9γ
$$

Strain$(Dose)$

A$

CD$

AB$

A$

CD$

BC$

D$

CD$



Texas Tech University, Anna Van Stelten, August 2014 

108$
$

 

Figure 3.4. Frequency of IFN-γ from CD8+ T cell populations for A) central memory populations (CD62L+ CD44+) and B) effector 
memory populations (CD62L- CD44+) recovered from spleens of 8-10 week old female BALB/c mice orally infected with murinized L. 
monocytogenes strains with and without a virulence-attenuating SNP in inlA, L. innocua and PBS (negative control) >40 days after 
primary inoculation.  Strain/dose treatment combinations evaluated are on the x axis. The y axis represents % of total CD8+ T cells 
producing IFN-γ. A minimum of 4 mice were inoculated with each strain/dose treatment combination. Columns represent mean % IFN-γ  
and error bars represent the standard error of the mean.  Statistical analysis were performed using a one-way analysis of variance 
(ANOVA) using LSD to account for multiple comparisons; differing letters indicate significant differences at the P<0.05 level.    
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Figure 3.5. L. monocytogenes populations recovered from internal organs from 8-10 week old female BALB/c mice that were exposed to either (i) oral 
inoculation (‘vaccinated’) with a dose (corresponding to doses relevant to food exposure for specified virulence subtypes) of either a fully virulent L. 
monocytogenes strain EGD-eM*, or L. monocytogenes strain EGD-eM*:PMSC3 carrying a VA SNP in inlA or (ii) oral delivery of the carrier solution 
(“unvaccinated”). Animals were maintained for >40 days after the primary inoculation and subsequently orally challenged by a high dose (2x107 CFU) 
of fully-virulent EGD-eM*. Organs evaluated are on the x axis. Groups of at least 6 BALB/c mice were infected at the specified doses and recovery of 
strains from internal organs was used to define protective immunity to subsequent challenge. Organ homogenates were serially diluted and plated on 
BHI for bacterial enumeration. Columns represent mean LOG CFU/gram of L. monocytogenes strains recovered from internal organs and error bars 
represent the standard error of the mean.  Statistical analysis were performed using a one-way analysis of variance (ANOVA) using LSD to account for 
multiple comparisons; astriks indicate significant differences from the ‘unvaccinated’ group at the P<0.05 level.    
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CONCLUSIONS 
It has been well documented in previous molecular epidemiology studies that a 

significant proportion of L. monocytogenes strains isolated from food carry virulence-

attenuating (VA) single nucleotide polymorphisms (SNPs) in the key L. monocytogenes 

virulence gene, inlA.  Additionally, it is understood these SNPs leading to a premature 

stop codon (PMSC) in inlA are responsible for attenuated mammalian virulence. Taken 

together, these studies indicate there is a significant subpopulation of L. monocytogenes 

in the food supply with a limited ability to cause disease.  VA SNPs in inlA thus represent  

molecular markers for L. monocytogenes virulence attenuation, which can be used to 

predict the human health risk associated with consumption of foods contaminated by L. 

monocytogenes.   In 2008, we developed a multiplex SNP genotyping assay that can 

rapidly detect SNPs leading to a PMSC in inlA to distinguish VA L. monocytogenes 

isolates from strains that have been linked to the majority of epidemic and sporadic 

listeriosis cases.  Overall, the assay permits rapid detection of VA L. monocytogenes 

isolates carrying a PMSC in inlA and represents a DNA-sequence based molecular 

subtyping tool that could be particularly useful for routine surveillance and outbreak 

investigations.   

In 2010, we modified our SNP genotyping assay to include five additional inlA 

PMSC mutations recently discovered in L. monocytogenes isolates from the U.S. and 

France.  At the time of this study, eighteen naturally occurring VA SNPs inlA had been 

identified worldwide.  This updated SNP genotyping assay was subsequently used to 

screen for the presence or absence of all known inlA PMSC mutations among a large 

representative collection (>1,000) of L. monocytogenes isolates from RTE foods (n=502) 
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and human clinical cases (n=507).  Within this study, we demonstrated a significantly 

greater proportion of L. monocytogenes isolates from RTE foods (>45.0%) carry a PMSC 

mutation in inlA as compared to only 5.1% of isolates from human listeriosis cases.  

While evaluating the distribution of inlA PMSC mutations among RTE food product 

categories (i.e., bag salads, cheeses, smoked seafood, deli and seafood salads, and deli 

meats), we also found that the proportion of L. monocytogenes with or without VA SNPs 

in inlA was similar among isolates from all RTE food categories except for deli meats, 

which included a marginally higher proportion of VA isolates.  In addition, when 

examining the distribution of epidemic clone strains among these RTE food categories 

there was an overrepresentation of epidemic clone strains among L. monocytogenes 

isolates from deli and seafood salads and an underrepresentation among isolates from 

smoked seafood.  Overall, results from this study provided insight into the distribution of 

L. monocytogenes isolates with attenuated virulence (carrying a PMSC in inlA) or 

enhanced pathogenic potential (epidemic clone strains) among L. monocytogenes 

populations that people are exposed to through consumption of contaminated RTE foods.  

There was still however, a clear need to better understand the distribution of L. 

monocytogenes isolates carrying a VA SNP in inlA (and inlA SNP allelic type 

distribution) along the entire food continuum.  This lead us to our next study where we 

utilized the SNP genotyping assay to determine the prevalence of these VA SNPs in inlA 

among the food processing plant and food retail establishment environments.  

Specifically, a higher percentage of VA inlA SNPs were found in fish processing plant 

environments, as compared to RTE meat processing facilities.  Overall, VA inlA SNP 

distribution varied between processing facility type (fish vs. RTE meat) but also varied 
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within the fish plants and RTE meat plants that were sampled, indicating processing 

environments are contaminated with unique L. monocytogenes ecology.  Additionally, 

results from this study showed a higher percentage of VA SNPs in inlA on food contact 

surfaces as compared to non-food contact surfaces in food retail establishments and this 

data combined with previous studies showed that as L. monocytogenes populations move 

through the food continuum from farm to fork, the percentage of strains carrying VA 

SNPs in inlA increases.  Data from this study gives supporting evidence that the food 

processing environment may provide a selective pressure for the accumulation of VA 

inlA SNPs and isolates which harbor these mutations are possibly more fit or have an 

enhanced ability to survive in this ecological niche.  Ultimately, the utilization of the SNP 

genotyping assay for these purposes may lead to the inclusion of strain-specific virulence 

parameters into future risk assessments and facilitate future revised science-based 

regulations regarding the presence of L. monocytogenes strains with defined virulence 

characteristics in food.  Additionally, data from these studies contribute to understanding 

the distribution of inlA SNPs along the entire food continuum so we can better inform 

assessments of relative risk and improve inspection programs that are based on risk 

consideration that include different exposure frequencies and disease probabilities for 

isolate populations that (i) carry a VA PMSC mutation in inlA and (ii) represent epidemic 

clone strains. 

The current FDA-FSIS-CDC L. monocytogenes risk assessment was developed 

using dose response data from mouse challenge experiments which is a model of 

infection that is not appropriate to investigate InlA mediated virulence.  This is due to the 

inability of InlA to bind the murine isoform of E-cadherin.  The native form of E-
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cadherin found in mice differs from the human form of E-cadherin by a single amino 

acid; consequently, this substitution prohibits InlA from binding to murine isoform of E-

cadherin.  The current risk assessment also assumes that a single L. monocytogenes 

population with uniform variation in virulence is present in RTE foods and thus may 

underestimate the virulence of outbreak-associated strains and overestimate the virulence 

of strains with VA SNPs in inlA.  We thus carried out an additional study where guinea 

pigs, which express the human isoform of E-cadherin that binds InlA, were challenged 

intragastrically with either (i) a fully-invasive epidemic clone strain associated with a 

listeriosis outbreak or (ii) a VA strain carrying a PMSC mutation in inlA to obtain more 

refined data on strain-specific virulence.  Data from this study showing the proportion of 

organs (i.e., liver, spleen, mesenteric lymph nodes, and ileum) infected with L. 

monocytogenes for animals challenged with a range of log10 CFU doses of either strain 

was used to develop infectious dose-response curves in order to evaluate the shift in the 

median infectious (ID50) dose between the fully virulent outbreak-associated strain and a 

VA strain carrying a PMSC in inlA.  Modeling of combined organ data exhibited a 1.3 

log10 increase in the median infectious dose for the strain carrying a PMSC in inlA 

relative to the outbreak-associated strain, demonstrating L. monocytogenes strains show 

prominent differences in infectious dose required to establish a systemic infection.   

The current L. monocytogenes risk assessment predicts that the average individual 

consumes a food serving containing low (< 1x103) or intermediate (between 1x103 and 

1x106) levels of L. monocytogenes 19 and 2.4 times per year, respectively, without 

developing disease.  This data combined with our knowledge that VA strains are highly 

prevalent in food, indicates humans are commonly exposed to VA L. monocytogenes 
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through foods.  Additionally, VA L. monocytogenes subtypes with an inlA PMSC were 

found at significantly higher contaminating concentrations on foods (>10,000-fold 

higher) in comparison to fully-virulent strains. While we have previously shown that 

exposure to a L. monocytogenes strain carrying a VA inlA PMSC at a high dose (1x1010 

CFU) confers protection against a subsequent challenge (15 days post-infection) by a 

fully-virulent strain in a guinea pig model, there still remained a need to (i) determine if 

immunological protection can be provided by VA strains administered at levels 

representative of contamination commonly found in foods, and at a time point where 

initial infection has been cleared and immunological memory has been acquired, and (ii) 

characterize specific T cell-mediated immune responses and duration of immunological 

protection.   

We therefore conducted studies to orally inoculate mice with a range of doses of a 

‘muriniezd’ L. monocytogenes strain carrying a virulence-attenuating SNP in inlA, to 

assess the ability of low-risk doses of these strains to (i) raise listeria-specific CD8+ T 

cell-mediated immune responses and (ii) confer disease protection against clinical 

infection in a subsequent high-risk challenge by a fully virulent strain.  Results provided 

evidence that after exposure to L. monocytogenes carrying a virulence-attenuating SNP in 

inlA, there is an expansion of Listeria-specific CD8+ T effector cells that ultimately lead 

to a stably maintained pool of central memory CD8+ T cells capable of providing long-

term immunity. Overall, level of immune protection was dependent on dose of initial 

exposure. Higher inoculum levels pertaining to relevant doses of VA strains per food 

serving (e.g. 2x105 CFU/serving to 1.36x106 CFU/serving) proved to provide protective 

immunity in both the vaccine challenge model and CD8+ T cell model. Protection 
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however, was not provided by exposure at a low dose of ≤ 2x103 CFU, which could 

indicate more virulent strains of L. monocytogenes in the food supply might not play as 

great of role in priming our immune systems to subsequent infection, and virulence-

attenuated strains may play a larger role in immune priming since we previously 

determined they are frequently isolated from foods, and at overall higher levels of 

contamination (> 10,000-fold higher). This data confirms that memory CD8+ T cells 

generated by VA strains are capable of providing protective immunity at levels they are 

commonly isolated from foods and that lack of a functional InlA protein does not impair 

protection against a secondary L. monocytogenes infection.  

Results regarding VA L. monocytogenes ability to provide protective immunity 

will provoke research on the epidemiological consequences of food safety measures to 

control other important foodborne pathogens with similar epidemiological characteristics. 

Our next research goal is fitting mathematical models to our experimental data obtained 

in order to describe and evaluate the acquired immunity boosting and health burden in a 

population of experimental mice exposed to different doses of VA and fully-virulent L. 

monocytogenes strains. Subsequently, our research group plans to adapt the models to 

describe human foodborne exposure to VA and fully-virulent strains in order to evaluate 

the potential effect of VA exposure on the public health listeriosis burden under diverse 

food safety measures. Mathematical modeling provides a mechanistic framework for 

translation of results from animal models to the human population and for examining the 

models in the context of evolutionary ecology of a foodborne infectious agent’s strain 

diversity and adaptation and anthropogenic factors such as the current food safety 

measures and the consumers’ immunocompetence. Collectively, these results could 
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confirm our hypotheses that aggressive efforts to eliminate pathogens in food has 

unintentionally resulted in a food supply that provides insufficient low-risk exposure to 

foodborne pathogens and that it is possible to identify and quantify optimal non-zero 

frequencies and levels of foodborne pathogen exposures that will result in improved 

public-health metrics. These results will also be communicated to the scientific 

community, policy makers and the general public and will thus have the potential to 

change societal perception on low risk exposures to pathogens in food and approach to 

control pathogens in food. 
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APPENDIX A: 
 

Supplemental Tables and Figures 

 
 

SUPPLMENTAL TABLE 1. Description of primer sequences used for allelic exchange mutant constructs 
Primer name Primer description, target and direction Primer sequence (5’ to 3’) Reference 

AVS-Marq147 (A) SOEing primer for inlA PMSC 
type 3 Forward AACTGCAGCTGGGAATTTA

TT 
Nightingale et al., 

2005 

AVS-Marq148 (C) SOEing primer for inlA PMSC 
type 3 Forward CATTACGCTGTAGGCTCAA

TT 
Nightingale et al., 

2005 

AVS-Marq149 (B) SOEing primer for inlA PMSC 
type 3 Reverse GTAAATTGAGCCTACAGC

GTA 
Nightingale et al., 

2005 

AVS-Marq150 (D) SOEing primer for inlA PMSC 
type 3 Reverse GCGGTACCTTGCTTGATTG

GC 
Nightingale et al., 

2005 
AVS42 
XF_PMSC3 

Sequencing primer for 
verification of PMSC type 3 Forward GTGACGCAGCCACTTAAG

GC 
Nightingale et al., 

2005 

AVS43 
XR_PMSC3 

Sequencing primer for 
verification of PMSC type 3 Reverse GTGTCACTGCATCTGTCAC

AC 
Nightingale et al., 

2005 

AVS44 
XIF_PMSC3 

Internal sequencing primer for 
verification of PMSC type 3 Forward AATTTACGAAAAATCCTGT

GG 
Nightingale et al., 

2005 
AVS45 
XIR_PMSC3 

Internal sequencing primer for 
verification of PMSC type 3 Reverse GAAGTCCTTCATAGTCTAC

TG 
Nightingale et al., 

2005 
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SUPPLEMENTAL FIGURE 1. Growth characteristics of mutant constructs.  Site directed mutagenesis was used to introduce 
InlA PMSC3 into the previously murinized strain EGD-eM* (Monk et al., 2010). BHI broth was inoculated with populations 
of the three strains (6.68 LOG(CFU/ml)) and was maintained at 37°C for 12h with shaking.!Three biologically independent 
replicates of the growth assay were performed. Error bars represent standard deviations.  
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