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ABSTRACT
Considering the 20-30% increase in risk for fetal mortality, pregnancy-related Listeria
monocytogenes infections present a unique public health challenge. Listeriosis outbreaks greatly
vary in terms of associated pregnancy-related cases per outbreak. Currently, there are no validated
tests that help predict which L. monocytogenes strains are likely to cause adverse effects in
pregnancy. A 2011 listeriosis outbreak in the US from contaminated cantaloupes was deadly in
nonpregnant older adults but caused few pregnancy-related cases. The five 2011 L. monocytogenes
outbreak strains were compared in terms of in vitro invasiveness (individually and in mixtures)
and biofilm formation to a known primate stillbirth isolate 12443 in human cell lines. Caco2, C3A
and BeWo cell lines representing the three important barriers viz., gastrointestinal epithelium, liver
and the placenta, respectively, were used in the invasion assays. These barriers need to be crossed
by L. monocytogenes in order to infect the fetus and result in adverse effects during pregnancy.
Relative to a stillbirth L. monocytogenes isolate, the 2011 strains appeared to be less invasive as
mixtures in a human placental cell line (BeWo) than liver- and gastrointestinal-based cell lines.
Our results suggest that relative to a known L. monocytogenes stillbirth isolate, this reduced

invasive capacity of the 2011 strains, especially in mixtures, may have led to fewer pregnancy-



related cases. Additionally, the 2011 strains also formed less biofilm than the stillbirth isolate. Our
results suggest that in vitro invasiveness in relevant human cell lines and biofilm formation could
help predict the likelihood of L. monocytogenes strains to cause adverse effects in pregnancy.
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CHAPTER 1
INTRODUCTION

Listeriosis is cause by a foodborne bacteria Listeria (L.) monocytogenes. Annually in the
United States, 1600 illnesses and 260 deaths are related to listeriosis, and it is the third leading
cause of death from foodborne illnesses (1, 2). Listeriosis is primarily known to affect elderly,
immune-compromised individuals and pregnant women (1). Due to its ubiquitous prevalence in
natural environments, L. monocytogenes continues to be challenging to control in the food
processing environment (3). Improvements in molecular detection techniques have led to an
increasing number of Listeria-related food recalls in recent years (4). Currently, there are no in
vitro tests that help predict which L. monocytogenes strains are more likely to affect pregnancy.
The overall goal of this dissertation is to determine whether in vitro invasiveness and biofilm
formation by L. monocytogenes strains can help predict the likelihood of L. monocytogenes
strain(s) to cause adverse effects in pregnancy.

In chapter 2, we provide an overview of human listeriosis and related literature, including
all susceptible populations. Chapter 3 specifically reviews pregnancy-related listeriosis. In
chapter 4, we investigate whether in vitro invasiveness of Listeria monocytogenes strains is
indicative of their likelihood to cause adverse effects during pregnancy. In chapter 5, we examine
whether biofilm formation by Listeria monocytogenes strains is indicative of their invasiveness
in pregnancy. To corroborate our in vitro findings in invivo, in chapter 6, we present our results

from a preliminary study in pregnant guinea pigs. Lastly, in chapter 7, we conclude our findings.
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CHAPTER 2

LITERATURE REVIEW: VARIABILITY IN HUMAN HOST SUSCEPTIBILITY TO

LISTERIAMONOCYTOGENES INFECTIONS

1 Rahat Wadhwa Desai and Mary Alice Smith. Submitted to Foodborne Pathogens: Virulence
Factors and Host Susceptibility, 7/01/2016.



Abstract

The risk for listeriosis among humans is increased in certain physiological states of the
human, such as during pregnancy and advanced age (=65 years), as well as in
immunocompromised-states, resulting from immune-suppressing conditions such as those with
Human Immunodeficiency Virus (HIV) infection, diabetics, transplant patients, those on
immunosuppressive therapy, or medications such as corticosteroids. Higher listeriosis-related
mortality is correlated to lower gestational age (<28 weeks of gestation) during pregnancy;
increasing age (>70 years); use of immune-suppressive medications; and, the severity of any
underlying condition(s). However, in cases where multiple risk factors are present, the amount of
risk that each factor contributes to the total individual risk for listeriosis remains unknown.
Physiological changes that occur in advanced age and pregnancy, as well as immune-suppression
lead to lowering of critical aspects of cell-mediated immunity (or T cell immunity), thus increasing
the risk for listeriosis. Co-morbidities seem to increase the risk for listeriosis as well as related
mortality, especially in people who are otherwise considered low risk, such asthose under 70 years
of age. Much less is known about the role of other factors such as genetic makeup, nutritional
status, frequent use of nonsteroidal anti-inflammatory drugs (NSAIDs), and gut microbiome
composition in increasing the risk for contracting listeriosis. Carefully designed studies in human
cell lines, appropriate animal models, and, when possible, more complete epidemiologic studies
in outbreaks and individual cases of human listeriosis are needed to understand and predict the risk

for listeriosis.

Key Words—Human Susceptibility, Listeriosis, Pregnancy, Aging, Neonates, T cell

Immunity, Microbiome



I. Human Susceptibility to Listeriosis

Human listeriosis presents primarily in two forms: non-invasive or invasive listeriosis (1).
Non-invasive listeriosis commonly presents as gastrointestinal (GlI) illness and is usually self-
limiting (1). According to the Centers of Disease Control and Prevention (CDC), invasive
listeriosis is defined as isolation of Listeria monocytogenes (L. monocytogenes) from a site like
blood, cerebrospinal fluid or placental and/or fetal tissue that is normally considered sterile (2).
While the first appearance of non-invasive listeriosis-related Gl symptoms begin at about 20
hours after exposure, the incubation time for onset of invasive listeriosis can vary between 2-67
days (3, 4). Listeriosis-associated meningitis in the invasive form is defined as isolation of L.
monocytogenes from cerebrospinal fluid, whereas pregnancy-related cases include cases where
L. monocytogenes has been isolated from the mother, fetus, or neonate (newborn <31 days old)
).

The estimated average human exposure to Listeria monocytogenes, is 2.4 times per year
for concentrations of 103-10° colony forming units (CFU), once in 2 years for 108-10° CFU, and
once in 3 years at levels higher than 10° CFU (5). Even under such estimated widespread
exposure, invasive listeriosis primarily occurs in specific subpopulations, including the elderly,
immunocompromised individuals as well as fetuses or neonates in pregnancy-related cases (2, 6-
9). In this chapter we will describe the current scientific evidence about the differences in
susceptibilities to listeriosis observed in humans. The listeriosis cases reported from 2004-2011
in the US are summarized in Table 1.1.

Listeriosis outbreaks vary with respect to the number of cases occurring in each high risk
group. Typically, about 14-17% of the cases in a listeriosis outbreak are related to pregnancy;

however, the recent largest listeriosis outbreak in the US that occurred in 2011 was associated



with 147 cases and 33 deaths, but only seven pregnancy-related cases (2, 7, 10). Most of the
2011 outbreak cases occurred in people aged >60 years, with a median of 78 years, whereas only

4.7% (7 out of 147) of cases, including one miscarriage, were pregnancy-related (10).

Figure 1.1 depicts the potential factors that may affect the host’s susceptibility for
listeriosis. In addition to the well-established risk factors such as pregnancy, advanced age and
immune-compromised state, less understood factors such as genetic makeup, nutritional status,
nonsteroidal NSAIDs use and gut microbiome composition (and placental microbiome during
pregnancy) may also affect the risk for listeriosis (Fig. 1.1). For example, when compared to the
general population, higher overall relative risk (RR) has been observed in adults >65 years (4.4
RR) and pregnant women [10.1 RR] (7). Additional factors such as ethnicity and disease status
also increase the risk for listeriosis. Inthe US, a higher incidence (7 per 100,000) of pregnancy-
related cases have been reported to occur among Hispanic women than the pregnancy-related
cases in non-Hispanic ethnicities (3 per 100,000) (2, 7). The higher rate in pregnant Hispanic
women is thought to be related to cultural food preferences such as consumption of
unpasteurized as well as pasteurized soft cheese (11). Several chronic diseases related to liver
and Kkidney, alcoholism, achlorhydria and diabetes mellitus have also been linked to increased

risk for the invasive form of listeriosis (12).

1. Susceptible Populations

Epidemiologic data reveals that elderly, pregnant women, neonates, immune-
compromised individuals such as HIV-positive patients, and people consuming immune-
suppressive medication(s) are at increased risk for listeriosis (2, 6, 7). The sections (below) will
address the scientific evidence related to physiological changes and underlying mechanisms that

lead to increased susceptibility to listeriosis among older adults, and during pregnancy and the



neonatal period. Also addressed are factors known or suspected to increase the susceptibility to
listeriosis, knowledge gaps in current scientific evidence and new research that is needed to fill
those crucial gaps. Unless otherwise stated, all results and data refer to the invasive form of
listeriosis, including listeriosis-related meningitis and pregnancy-related cases.

Physiological Conditions

The human body undergoes physiological changes to meet the changing demands during
lift’s stages or in advanced age (>65years). While these physiological changes are sometimes
necessary for optimum functioning (e.g. in pregnancy), they can lead to reduction in immunity,
thus altering a human’s risk for infections including listeriosis (13).

Aging and Listeriosis

Most listeriosis cases in nonpregnant adults occur among people over >65 years old (7).
As evidenced by the high number of people >65 years that were affected in the 2011 listeriosis
outbreak as well as the rise in sporadic cases of listeriosis in people aged >65 years, listeriosis
poses a risk to the aging population, even in those without any underlying conditions (7, 14, 15).
In comparison to the relative risk of listeriosis in people aged 14-44 years (RR= 1), the relative
risk for listeriosis among people aged 45-49 years increases to 4.7, and to 53.8 in people over 85
years (6).

Immunity, as well as general responsiveness to vaccination, are known to decrease with
advancing age in humans (16). With increasing age, there is an increase in disease burden which
confounds our understanding of the contribution of aging alone towards the increase in risk for
listeriosis (6). Underlying diseases are thought to be a major contributor to the increase in
susceptibility to listeriosis (18). The reduction of innate and adaptive arms of immunity due to

advanced age is called immunosenescence (17). Thus, immunosenescence combined with an



increase in disease burden, likely contributes to the overall susceptibility observed in the aging
population (18).

Recently, there have been reports of increases in the number of cases of listeriosis in
several European countries (19). This increase in incidence may be due to an increase in the
number of people >60 years of age (20, 21). From 2001-2008, only 35% of 1,959 cases of
listeriosis in France were reported to occur without an underlying condition (8). In comparison to
adults under 65 years of age, the incidence of listeriosis among people aged 65-74 years and
people >74 years was 8 times and 20 times higher, respectively (8).

In the US, between 2009-2011, among the 1424 nonpregnancy related listeriosis cases,
58% were associated with a median age of 72 years [range 61-81] (7). The increase in chronic
diseases such as cancers, kidney disease, diabetes and HIVV/AIDS among the elderly is thought to
contribute to an increase in risk for listeriosis (2, 12). An important point to consider is that the
age (=45 years) at which vulnerability for listeriosis starts to increase, the number of people
living with one chronic condition also increases from 19.4% in the 19-44 year age group to
30.6% in people aged >45 years (6, 22). Altogether, these statistics reveal an increase in the
number of adults aged >45years who are at a higher risk for listeriosis. According to the National
Health Interview estimates from 2012, among the age group (viz., >65 years) most vulnerable to
listeriosis, approximately 25% have at least one chronic condition(s); an additional 27.6% live
with 2 or more conditions; whereas another 33.2% have been diagnosed with three or more
chronic conditions (7, 22). Therefore, it is possible that a portion of the increase in listeriosis
among elderly is driven by an increase in chronic diseases (6, 22). For example, according to the
US Renal System Data Report, the rate of chronic kidney disease increases rapidly at >65 years,

and the incidence has doubled from 2000 to 2008 (23). Nonetheless, a review of 299 cases from



1994 to 2003 in Denmark revealed that while chronic diseases may increase susceptibility to
listeriosis in people >70 years old, the presence of a chronic disease did not significantly increase
listeriosis-related mortality within the same individuals (24). Conversely, in patients less than 70
years old, the presence of underlying condition(s) increased the listeriosis-related mortality
significantly. In comparison to the patients without predisposing illness, blood stream infections
or bacteremia was significantly more common in patients with predisposing condition(s). The
limitations of the Denmark study included possible underdiagnoses of underlying diseases in the
sample elderly population and thus their underreporting in the data, and potential
misclassification of deaths as listeriosis-related (24).

Epidemiologic data from the US suggests that in the presence of underlying conditions,
fatal complications of listeriosis in the elderly (>65 years) cases such as bacteremia and
meningitis may lead to higher listeriosis-related mortality (2, 7). Among nonpregnancy-related
cases, meningitis was more common in patients under 65 years of age (25% of cases) of age than
patients aged >65 years (10% of cases), whereas, bacteremia was more common in patients aged
>65 year (87% of cases) than patients aged less than 65 years [70% of cases] (2, 7). However,
significantly higher mortality from complications like meningitis have been observed in patients
aged >65 years in the presence of an underlying condition (2). Therefore, while the patients aged
>65 years may be less susceptible to listeriosis-related meningitis, in the presence of an
underlying disease, these patients may have a greater risk for mortality from listeriosis-related
meningitis than patients less than 65 years of age. In summary, the results reveal that the

presence of underlying diseases could lead to a significant increase in listeriosis-related mortality



in people aged less than 70 years as well as >65 years old when listeriosis-related meningitis
occurs (2, 24).

Differences in study design make it difficult to draw general conclusions from these data,
as the Denmark study compares mortality between people with preexisting conditions aged >70
years and less than 70 years, whereas, the US data compares mortality and presentation of
listeriosis (either meningitis or bacteremia) between people aged >65 years and less than 65
years of age with preexisting conditions (2, 8, 24). The incidence of listeriosis is known to
increase as age advances and the use of different age groups, >70 vs. >65 years old, makes it
difficult to draw definitive conclusions from the abovementioned data (6).

Based on the US FoodNet data from 2004 -2009, the relative risk for listeriosis increased
significantly and steadily as age advanced, with the highest rate for people aged 85 years or older
(6). The continuous increase in listeriosis in the nonpregnant population aged 45 to 84 years
reveals that the use of the commonly employed threshold age (60 or 65 years) for assessing
listeriosis risk offers little accuracy in depicting this risk (6). An international group of scientists
from academia, government and industry invited by the global harmonization initiative have also
suggested that instead of an age-related threshold, the use of 5-year intervals is more suitable for
categorizing the age-related increase in risk for listeriosis (25). Categorizing age in this manner
could help identify specific risk factors related to aging, and would standardize data to allow for
comparisons.

Pregnancy and Listeriosis Risk

The CDC has defined pregnancy-related listeriosis as the isolation of L. monocytogenes

from a pregnant woman, fetus, or infant aged <31 days with the mother-infant pair counted as a

single case (7). Currently, the most common diagnostic test for pregnancy—related listeriosis is
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culture of blood, placenta or other products of conception (7, 26). In a case review of 222 cases
of pregnancy-related cases of listeriosis in four Boston hospitals, the most common symptoms
were fever, followed by flu-like symptoms (26).

Data from the US, England and Wales and Western France reveal that approximately
16% of listeriosis cases occur during pregnancy (7, 27, 28). During 2004-2009, in comparison to
other nonpregnant women of reproductive age, the RR for listeriosis during pregnancy in the US
was 114.6 [95% CI, 68.9-205.1] (6). The incidence of listeriosis has also increased in the UK
since the 1960s, likely due to an increase in the availability and consumption of high-risk ready-
to-eat foods, among other factors (29). In comparison to the general population, upon
consumption of contaminated food, pregnant women are at 10-18 times greater risk of
contracting listeriosis (7, 29). The maternal-fetal susceptibility to listeriosis is thought to occur
because of immune-modulation during pregnancy to protect the fetus from allogenic rejection
(30, 31). Co-morbidities such as diabetes as well as other diseases such as AIDS that affect cell-
mediated immunity are also likely to increase the risk of listeriosis during pregnancy, although
few such cases have been reported (2, 27).

Epidemiologic data indicates that fetal outcomes depend on the gestational age at which
the mother is diagnosed with listeriosis (27, 28). Fewer fetal deaths have been reported after 28
weeks of gestation (27, 28). In addition, pregnant women that exhibit listeriosis-related
symptoms reported fewer live births than women that did not report such symptoms (28). These
symptoms may be reflective of the severity of listeriosis in pregnant women. Neonatal listeriosis
is defined as L. monocytogenes infection in newborns aged <31 days or <28 days, depending on
the study (7, 27, 28). Neonatal listeriosis can result in meningitis, granulomatosis infantiseptica

or even death (2, 7). Neonatal survival also appears to increase with increasing gestation age at
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birth (28). Meningitis is common in neonatal cases of listeriosis (2). Evidence suggests that
meningitis is less fatal in neonates >15 days as compared to neonates that <15 days of age (2).
For further details on fetal and neonatal susceptibilities, please refer to our review on pregnancy-
related listeriosis (32). The challenges in assigning the pregnancy-related listeriosis data include
inconsistencies in data collection and assessment among different studies, long incubation time
(>20 days) in pregnancy-related cases, and determination of gestational age at the time of
diagnosis in women who have experienced mild symptoms (4, 33). Elucidating underlying
mechanisms associated with differences in maternal and fetal (or neonatal) immunity could help
understand abovementioned susceptibilities, and design suitable prevention and treatment
strategies.
I11. Underlying Condition(s), Immune Status and Related Medication Use

Presence of underlying (infectious and chronic) disease(s) increases the risk for listeriosis
(8). Studies have revealed that the presence and severity of chronic conditions are also important
risk factors in determining the outcome for listeriosis (6, 24, 34). This section addresses the risk
for listeriosis posed by the presence of underlying disease in people aged less than 65 and >65
years; the impact of these conditions on the immune status; and, the medication(s) used to treat
these disease(s) as it affects susceptibility towards listeriosis. The risk among patients aged >65
years with underlying conditions has been discussed in the aging section. Most (74%) of the
cases of listeriosis in people aged less than 65 years are in individuals with underlying conditions
(7). Of the 96 cases in the US between 2009-2011 among nonpregnant adults less than 65years
of age, 32 were associated most-commonly with immune-suppressive therapy administered to
manage an underlying condition (i.e., steroids, radiation or chemotherapy), followed by 24

malignancy-associated cases, 11 diabetes-related cases, 7 cirrhosis/ liver disease-associated
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cases, 7 renal failure-associated cases, 6 alcoholism-associated cases, and 6 HIV-related cases
(7). Of the 1612 cases of listeriosis in France from 2001-2008, 65% had underlying disease, and
41% (~661cases) had undergone immunosuppressive therapy (8). In this French cohort, chronic
lymphocytic leukemia increased the risk for listeriosis by 1000 fold, and in patients with other
cancers such as multiple myeloma, acute leukemia, pancreatic, esophageal, stomach, liver, lung,
and brain cancer, as well as conditions such as dialysis, cirrhosis, and organ transplants, the
increased risk was by 100-1000 fold (8). In patients with underlying conditions, the listeriosis-
associated case fatality ranged from 20-40% (8).

Interference with cell-mediated immunity and tumor necrosis factor o (TNFa) production
by immunosuppressive medication increases the risk for a severe form of listeriosis (13, 35, 36).
TNFa is produced by monocytes and macrophages, and serves to activate both T and B cells,
among other crucial functions (37-39). It plays an important role in host defense, specifically
against intracellular pathogens, and mediates local inflammation in order to control the infection
(37). Several cases of listeriosis in dermatological, rheumatic, and inflammatory bowel disease
patients receiving TNF-antagonists have been reported (35). Due to the role of TNFa in
inflammation, the drug infliximab (Remicade), a human-murine chimeric monoclonal antibody
displaying a high affinity for the human TNFa, was approved by the US Food and Drug
Administration (FDA) for treatment of Crohn’s disease, and later for rheumatoid arthritis in
conjunction with methotrexate (35). Methotrexate is primarily an anti-neoplastic drug (40). It is
also thought to indirectly inhibit TNFa in human monocytic cell lines (41-43). Due it’s anti-
inflammatory effects, methotrexate is used in combination with standard anti-TNFa drugs like
Etanercept which is thought to be more effective than monotherapy with anti-TNFa drugs alone

(40, 44). Etanercept (Enbrel) also binds to TNFa, acting as a false receptor thereby preventing
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the binding of TNF to the cellular TNF receptors (35). From 1998-2001, 14 patients on
Infliximab and one patient on Etanercept were reported to have listeriosis (35). The median age
of the patients was 65.9 years (range: 17-80 years). All patients with available information in the
study were on concurrent immunosuppressive drugs, among which, 10 patients received
corticosteroids (current or previous use), seven patients received methotrexate, three patients
received a cyclooxygenase-2 inhibitor, and one patient received Methotrexate and Cyclosporine.
All patients presented with sepsis and/or meningitis. From January 2002 to September 15 2002,
11 additional cases of listeriosis were reported in patients taking anti-TNF drugs, Infliximab and
Etanercept. Of these, 10 cases were associated with infliximab, and one was associated with
Etanercept (35). These studies reveal that immunosuppressive drugs may increase susceptibility
of these patients to listeriosis, and future investigations could help identify specific mechanisms
resulting in susceptibility to listeriosis.

Immunosuppressive therapy can cause cellular immune deficiencies which lead to higher
risk of listeriosis in solid-organ transplant recipients (45, 46). In order to formally assess the
listeriosis risk factors for solid-organ transplant recipients, a 1:2 matched case-controlled study
was conducted in 15 Spanish tertiary care hospitals (47). In 25,997 patients identified from 1995-
2007, 30 (0.12%) cases of listeriosis were confirmed. Based on univariate analysis, significant
risk factors for listeriosis included diabetes mellitus, cytomegalovirus infection, high prednisone
dose, and allograft rejection all within the preceding six months. Conditional logistic regression
revealed an odds ratio (OR) of 5.6 (95% Cl= 1.6-19.6; p=0.007) for diabetes mellitus; 35.9 OR
(95% CIl=2.1-620; p= 0.014) for CMV infection; and, 6.2 OR (95% CI=1.8-21.1; p= 0.003) for
high-dose prednisone use (47). All of these were independent risk factors for listeriosis in solid-

organ transplant recipients (47). Since 2000, the World Health Organization has established the
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use of trimethoprim-sulfamethoxazole as the standard of care for preventing bacterial infections
in HIV patients (48). Trimethoprim-sulfamethoxazole is a broad-spectrum antibiotic that is
routinely given to organ-transplant and HIV patients to prevent bacterial infections, including
listeriosis (48, 49). A trimethoprim-sulfamethoxazole-based prophylactic antibiotic treatment at
the time of the transplant was found to be protective against listeriosis [OR=0.07; 95% Cl=
0.006-0.76; p= 0.029] (47). Eight of the 30 patients diagnosed with listeriosis died within 30
days of their hospital stay (47). Four patients died due to sepsis, two died due to multiple organ
failure, one due to respiratory failure, and one from neurological complications (47). As
compared to patients presenting with other symptoms, meningoencephalitis was linked to a
significantly higher (OR= 13.5; 95% Cl= 1.99-93.25; p= 0.007) mortality rate in the 30-day
hospitalization period (47).

Despite higher risk, listeriosis is infrequent in patients with cancer, possibly due to
prophylactic broad spectrum antibiotics and improved food safety (50, 51). In a retrospective
review of patients from 1955-1997 from Memorial Sloan-Kettering Cancer Center, 94 cases of
listeriosis were reported (50). Out of the 94, 97% had an underlying malignancy, 78% received
chemotherapy, 68% were on corticosteroids, and 36% had pre-existing liver disease. Listeriosis
was most often associated with anti-neoplastic therapy for advanced or refractive malignancy
which results in a significant immune dysfunction. Thirty-nine percent (n= 37) of total cases died
of listeriosis-related causes in this group (50).

HIV also increases the risk for listeriosis, with a 29% mortality rate (52, 53). In an
Atlanta metropolitan cohort, the listeriosis incidence was 52 cases per 100,000 in HIV infected
and 115 cases per 100,000 in AIDS patients, which is about 65-115 times higher than that of the

general population (52).
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Disease status has also been linked to atypical listeriosis presentations, including
localized infections such as endocarditis, osteoarticular and cutaneous infections brought on by
subclinical systemic spread of the bacteria (19, 54-56). A total of 16 of the 20 (out of total 3231)
cases with listeriosis-related biliary tract infections and cholecystitis in France from1996-2013,
had 1-4 associated comorbidities, including four cases each of hypertension, cirrhosis, and
rheumatoid arthritis; three cases of diabetes; two cases of aortic patch tube; and, several other
single cases of various diseases (54, 57-63). Another four patients were prescribed
corticosteroids, and three patients were receiving anti-TNF therapies. Diagnosis was confirmed
in each case by testing a bile or gallbladder swab for L. monocytogenes wherein it was the only
pathogen cultured. Only three of the 5 patients in whom blood culture was performed, tested
positive for L. monocytogenes illustrating that such focal atypical listeriosis infections may occur
in humans without the infection being detected in the blood. Among 15 patients that were
followed, five cases resulted in an adverse outcome with three related deaths, one recurrence,
and one cerebellous stroke that was unrelated to L. monocytogenes. Death from listeriosis-related
complications was significantly (p= 0.03) associated with inadequate or altogether lack of
treatment (54).

The presence of underlying diseases is especially important relative to occurrences of
listeriosis in patients under aged less than 65 years (2, 6, 7). It remains to be investigated whether
a patient with underlying disease and concurrent immune-suppressive medication use presents a
higher risk compared to the risk posed by these factors individually. One of the challenges in the
US is that FoodNet does not collect information on underlying conditions, and their reporting is
only voluntary (7). Aforementioned cases suggest that TNF antagonists with concurrent use of

corticosteroids could further compromise the host immune response, thereby potentially leaving

16



them at an additional risk for listeriosis. This concept of additional risk posed by medication
requires further study to more accurately assess the risk for compromised patients so that proper
education and safety measures can be put in place.

IV. Gender-based Differences

There have been very few studies directly examining gender differences in response to L.
monocytogenes exposures in humans. Studies in mice have revealed a difference in male and
female susceptibility to listeriosis, with females being more susceptible (54, 55). However,
because mice are not susceptible to listeriosis by oral exposure, the relevance of this finding in
humans is unknown. A shift in the cytokine profile from Thl to Th2 is thought to increase the
risk for listeriosis in humans (64, 65). Studies on gender-based differences in the Thl and Th2
profile between 20 women and 15 men revealed a higher IFNyto IL-4 ratio in men than women
(66). This ratio is reflective of the Thl cytokine profile, which is thought to be protective against
listeriosis (66-68). In order to confirm these findings, this study needs to be repeated in a larger
sample size.

Although the previously described studies are suggestive of gender-based differences,
epidemiologic data do not support a gender-based difference in susceptibility to listeriosis (2, 6,
7). Furthermore, it is still unclear whether any gender-based differences affect recovery and/or
mortality related to listeriosis. It is also not known whether differences in food-related behavior
among women and men such as a higher frequency of eating out or choosing more high-risk
foods (e.g. ready-to-eat meats and cheese) play a role in their respective susceptibility to
listeriosis (69). Higher immunity in men than women may be mitigated by the greater
consumption of high-risk food by men vs. women, thereby resulting in equitable number of cases

per year.
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V. Immunity against L. monocytogenes

Data on immune response to L. monocytogenes infection in humans are lacking, and most
human immune data are confined to results from in vitro experiments (70). Other immune data
on listeriosis are primarily from studies using a mouse model, which is different from humans
both in exposure and internalization mechanisms. However, what we do know based on mouse
studies is that upon intravenous injection (~ 103-10% CFU), L. monocytogenes is readily
internalized and killed by local macrophages in the mouse liver and spleen (70, 71). These
macrophages secrete TNFa and IL-12 which together stimulate natural Killer (NK)cells to
produce IFNy,which in turn further activate macrophages, thereby increasing their bactericidal
activity (72-74). The innate response is followed by a T cell response which is maintained
through a memory T cell population which protects the host from subsequent exposures (75). An
effective T cell response requires the production of adequate levels of pro-inflammatory
cytokines such as TNFa, IFNyand IL-12, and proper antigen presentation by dendritic cells,
which is needed to stimulate naive CD8* T cells into primed functional CD8* T cells (76, 77).
The memory T cell response is controlled via the secretion of regulatory immunosuppressive
cytokines TGFp and IL-10 by CD4*CD25* T cells (T-helper type 2 response) which
downregulate the expansion and response of memory T cells (78). While many immune
mechanisms elucidated in the murine model have homologous functions in humans, key
differences between humans and mice immune responses such as defensin secretion by
neutrophils, IFN induction of T-helper type 1 (Thl) response, and IL-10 secretion by both Thl
and T-helper type 2 (Th2) cells (79-81) have been found. Mouse immune data also present other
challenges in extrapolating the data to humans because there is a single amino acid difference at

position 16 in mouse and human E-cadherin, whereby the mouse is generally not susceptible to
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the oral route of L. monocytogenes infection, whereas most human cases of listeriosis are thought
to be foodborne (82, 83).
Changes in Human Immune Response with Aging

Aging is associated with a reduction in the function of epithelial barriers such as in the GI
tract, which is the first line of defense against L. monocytogenes (84). As age advances, this
functional reduction in the GI tract places an ever increasing demand on the immune system
(85). The reduction in human neutrophil response function, namely chemotaxis, phagocytosis
and superoxide production in response to pathogen-related stimulatory molecules, have also been
associated with aging (86).

Increases in the pro-inflammatory cytokines IL-6, TNFa and TGF, and decline in the
expression of macrophage surface receptors such as the major histocompatibility class (MHC)-II
occur with advancing age in humans (87-91). As a person ages, a reduction in the respiratory
burst within the macrophages leads to a reduction in their pathogen-killing capacity (92). In
response to infections, dendritic cells (DCs) produce less IFNo and IL-12 cytokines, while
increasing the production of IL-6 and TNFa cytokines (93, 94). Other crucial functions such as
phagocytosis, migration and micropinocytosis could also be defective in those over 65 years
(85). With aging, there is an increase in memory and effector T cells, thus reducing the overall
responsiveness of the immune system to new antigens and this is shown by reduced
responsiveness to vaccines (85). Data from both human and mice studies reveal that, with
increases in IL-4 and IL-10, the cytokine profile in the older population is shifted to Th2 type,
and increases in TGFp and IFNy also occur in association with aging (95-97).

Taking the evidence in mice and humans together, a shift towards a Th2 cytokine profile,

reduction in Gl epithelial defenses, along with functional deficits in several crucial immune cells,
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may be responsible for the reduction in immunity towards listeriosis in aging humans. Despite all
we have learned about the effects of aging on the immune system, the specific role of aging and
underlying mechanisms by which advancing age leads to alterations in the immune system thus
compromising the body’s defenses against listeriosis, are not currently known. Moreover, how
the presence of multiple risk factors affects the risk for listeriosis among the aged needs to be
elucidated, especially as this population increases globally.

Role of Immune Changes during Pregnancy and Susceptibility to Listeriosis

The changes that a woman’s immune system undergoes to accommodate a fetus, where
one-half of its genetic material is foreign to hers, increases the susceptibility of the fetus to
listeriosis (30, 31). This immune adaption in the mother to simultaneously allow the fetal antigen
tolerance and yet be able to mount a needed immune self-defense, is not completely understood.
(30). There is evidence that this is achieved by the lowering of the cell-mediated immunity in the
mother while maintaining the humoral immune response (30). However, it is challenging to
study pregnancy-related cases of listeriosis, especially due to the lack of an appropriate control
group (30).

Evidence suggests that a lowering of the critical cell-mediated immune response is
responsible for the increase in listeriosis risk during pregnancy. The cell-mediated Thl response
is essential to control intracellular infections such as listeriosis, as the intracellular location
protects the pathogens from the humoral/antibody response. Cell-mediated immunity is
augmented by Thl type T lymphocytes and their pro-inflammatory cytokines such as IL8 (67).
Their key function is to recognize the body’s own cells that engulf the pathogen and express
pathogen-related antigen on their surface (30). On the other hand, Th2 T cells and related

cytokines in the maternal decidua suppress cytotoxic T lymphocytes or the Thl T cells response
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locally, thereby reducing the cell-mediated immune response at the placenta (64). During
pregnancy, the Th2-stimulating cytokines dominate, thereby ensuring an adequate humoral
immune response while leaving cell-mediated immunity compromised (98). For additional
details on immune changes associated with listeriosis in pregnancy, please refer to our review on
pregnancy-related listeriosis (32). Altogether these immune changes lead to increased
susceptibility to listeriosis in pregnant women, wherein the woman remains protected while
leaving the fetus wulnerable to L. monocytogenes infection. The mechanisms behind these
immune changes in pregnancy need to be understood both with respect to pregnant women as
well as fetuses and neonates. Understanding the differences in vulnerabilities between pregnant
women and fetuses/neonates could aid in diagnosis as well as designing new therapies in
pregnancy-related L. monocytogenes infections.
Neonatal Immune Factors

In human newborns, the highest risk period for a serious L. monocytogenes infection is
between birth and 6 weeks (70). Immunodeficiency in human neonates has been extrapolated
from the study of the ontogeny of the human immune system (99, 100). The neonatal immune
neutrophils and monocytes are markedly deficient in adhesion and chemotaxis when compared to
adult cells (101, 102). Cytokine response in neonates is also significantly different from adults.
Because these factors boost immunity against listeriosis, it is likely that their low levels in infants
may predispose them to listeriosis.

Neonatal listeriosis has been studied primarily in the mouse model. A much lower dose
of L. monocytogenes is required to cause infection in neonatal mice than adult mice, and
resistance for infections reaches adult-levels within the first two weeks of life (113, 138).

Experiments in mice have revealed a link between age-dependent differences in monocyte
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function and risk of listeriosis [at birth and 30-day-old mice] (103, 104). Nevertheless, in order to
truly extrapolate these studies, experiments must be conducted in human cell lines and
appropriate animal models (70).

In summary, gestational age may affect the number of live births as well as the timeline
(0-6 days vs. 7- 28 days of age) of the development of listeriosis in infants. Evidence suggests
that fetal (>22 weeks) susceptibility to listeriosis may be more strongly associated with in utero
environment and stage of fetal development, whereas susceptibility in infants may be affected by
additional parameters such as immune factors and gut microbial composition. Therefore, in order
to assess the risk for listeriosis in infants and neonates accurately, records need to clearly
distinguish between neonatal (<31 days of age) and infant case (>31 days of age) data. Careful
examination and comparison of the differences in risk factors between the two groups need to be
performed in appropriate animal models as well as human cell lines.
V1. Microbiome and Listeriosis

Among conditions that may affect the survival and colonization of L. monocytogenes is
the gut microbiome and its interactions with pathogens such as L. monocytogenes. Composed of
over 1000 bacterial species, the gut microbiome is known to provide benefits such as protection
against pathogens, immune modulation, and metabolism of toxicants before their systemic
absorption (105-107). Over time, this relatively less understood microbial community is altered
by antibiotic use, diet, age and other environmental factors which could either have a beneficial
or harmful impact on the host (108, 109). The role of gut microbiome in modulating the risk for

listeriosis will be discussed with respect to each susceptible population.
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Aging and Gut Microbiome

Among the elderly, a reduction in gut microbiome-associated protection against
pathogens, and increase in gut microbiome-related chronic inflammatory diseases such as
inflammatory bowel disease, Crohn’s disease and encompassing ulcerative colitis, have all been
reported to occur (109-112). During aging, physiological changes in the Gl tract of older people
include chronic low-grade inflammation which could affect the gut microbial balance and
ultimately their susceptibility to listeriosis (113, 114). High throughput sequencing analysis has
revealed distinctions between the gut microbiome of people aged more and less than 65 years
(115). Within the older population, several factors including living in long-term care facilities,
diet and health-status affect the gut microbiome (116, 117). Moreover, the increase in
inflammatory markers (C-reactive protein, serum TNFa, IL-6 and IL-8) among the older
individuals living in long-term care facilities were associated with the loss of community-related
microbiota (115, 117). It is important to note that some gut microbes produce bacteriocins,
ribosomally synthesized small antimicrobial peptides that have a broad or narrow spectrum of
activity against other bacteria including L. monocytogenes (118, 119).

Two of the most studied intestinal microbiota, Lactobacillus and Bifidobacterium, have
been incorporated into different foods and dairy products (120). Researchers investigated the
ability of facultative anaerobic Lactobacillus and obligate anaerobe Bifidobacterium strains to
prevent L. monocytogenes strain EGDe infection in C2Bbel cells, which are clonal derivatives of
Caco2 human adenocarcinoma cells (67, 121). Incubating C2Bbel cells with these probiotic
bacteria resulted in a 60-90% reduction in invasion by L. monocytogenes, and in alterations in
pro-inflammatory 1L-8 (reduction) and anti-inflammatory IL-10 (increase) related immune

response (67). When the probiotic bacteria were separated from the C2Bbel cells by an
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impermeable chamber, probiotic bacteria reduced L. monocytogenes invasion to the same extent.
Thus, it can be inferred that probiotic bacteria reduced the invasion of L. monocytogenes not only
through their direct interactions with the C2Bbel cells but also via a soluble compound secreted
by the probiotic bacteria (119). However, it remains to be determined whether these results can
be replicated in in vivo models, where host Gl defenses may prevent the probiotic bacteria from
reaching desired levels (67, 122). Nonetheless, this suggests that the presence of probiotics in the
gut microbiome may reduce or prevent L. monocytogenes infections.
Placental Microbiome

Currently, the interactions between L. monocytogenes and the placental microbiome
during pregnancy have not been studied. The temporary alterations or fluctuations of physiology
during pregnancy also accompany remodeling in the placental microbiome (123). Evidence
suggests that nearly half of all placentas may harbor intracellular bacteria before 28 weeks of
gestations (124). Differences in the microbiome of preterm and term placentas have also been
reported (125). Preterm placentas have alterations of Burkholderia species of bacteria, whereas
the term placenta have fewer Paenibacillus bacteria (125). Therefore, an alteration in the
bacterial species of the placental microbiome may make the fetus less or more susceptible to the
adverse effects from a L. monocytogenes infection. However, these results are limited by the
inability to examine the microbiome changes in earlier stages of a term pregnancy (125). Thus, it
is still unknown whether these changes in the placental microbiome are associated with
gestational age or particular stages of placental and fetal development (123). Taking into
consideration that the presence of certain bacterial species has been associated with preterm
placentas, investigations aimed at examining the interactions between L. monocytogenes and the

placental microbiome are needed. Studies on the gut microbiome and placental microbiome

24



reveal that similar interactions between pathogenic bacteria and commensal bacteria may be
possible in materno-fetal infections.
Infant Microbiome

This section describes the role of the microbiome in infants (preterm and term), unless
specific age-related wvulnerabilities are mentioned. A direct link between the infant gut
microbiome and increase in risk for listeriosis has not been established. Abnormal changes such
as increase in Gl inflammation and abnormal bacteria along with a lower number of commensal
bacteria have been reported in the gut of premature infants (126). The infant gut microbial
composition varies depending on the mode of delivery (vaginal or cesarean section), type of
feeding, and antibiotic or prebiotic use (127). Nevertheless, an infant’s microbiome remains far
less complex than that of an adult (109). By two years age, an infant’s microbiome appears to
resemble to that of an adult (128).

Differences have been noted in the gut microbiome of full-term infants compared to low-
birth weight infants weighing <1200gm, which may be associated with the length of gestation
(124, 125, 129). Premature infants have highly immune-reactive intestinal epithelium and
submucosa in their Gl tract (123). Developmental delays and alterations in the gut microbiome
of premature infants have been linked to an increase in necrotizing enterocolitis and other Gl
disorders as well as immunological issues such as IgE-related eczema later on in life (130-132).
Considering the protective effect of the gut microbiome in adults and that of full-term infants
with normal flora, it may play a crucial role towards protecting the neonates from Gl infections.
In order to design therapies, carefully designed studies are needed to investigate the role of the
neonatal microbiome in their susceptibility for listeriosis using an appropriate animal model that

is orally susceptible to listeriosis.
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VII. Frequently used Medication(s) and Listeriosis risk among Elderly

The use of medications such as antacids (proton pump inhibitors) and nonsteroidal anti-
inflammatory drugs (NSAIDs) can have a profound effect on the Gl tract thereby affecting the
host’s ability to protect itself from foodborne infections (133-135). Consumption of antacids has
been associated with increased susceptibility to invasive listeriosis (2, 136). There is no current
evidence to suggest that NSAIDs increase the host’s risk specifically for listeriosis; however,
NSAIDs can erode and ulcerate the GI epithelium suggesting that they may affect the host’s
susceptibility for listeriosis (137-139). The high consumption of these medications in the older
population creates a potential for these medications to affect the listeriosis risk for a large portion
of this wvulnerable population (133, 140).

Proton pump inhibitors (PPI) or antacids are medications (e.g. Prilosec, Nexium, and
Prevacid), that reduce gastric acid and may increase the susceptibility to listeriosis (133). PPIs
are the third most prescribed drugs in the United States (133). The gastric acid at pH <4 has
potent bactericidal activity, and antacid induced hypochlorhydria increases the pH (>4) thereby
increasing the likelihood of microbial survival in the Gl tract (141, 142). PPIs also have an anti-
inflammatory and immunomodulatory effect in in vitro tests (133, 134). For example, PPI
therapy affects chemotaxis, phagocytosis of microbes and endothelium-related adhesion
molecule expression in neutrophils (143-145). Neutrophils are not only the first line of immune
protection against Listeria, but they also release chemokines that attract macrophages to the foci
of infection (146-151).

Animal studies have revealed a link between hypochlorhydria and increased ability of the
microbes to cross the Gl barrier (152, 153). A 1979 listeriosis outbreak involving 20 patients in

eight Boston hospitals was linked to the consumption of gastric acid-inhibiting Ha-receptor
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antagonist, Cimetidine (136, 154). The mortality rate was 25% (5 patients) in the Boston
outbreak, of which, 10% (2 patients) died due to underlying diseases. The reduction in gastric
acid-related local gut defenses could result in a pathogenic bacterium, such as L. monocytogenes
crossing the Gl epithelium with relative ease (152, 153, 155).

Among older people, another very frequently prescribed medication is aspirin (140), an
NSAID that is prescribed for arthritic inflammation, and cardiovascular or cerebrovascular
disease (156, 157). Gastric atrophy (158, 159) and deficiencies in gastric mucosa repair capacity
may also increase with aging and additional vulnerability brought about by aspirin use may
further compromise this protective barrier (160). Aspirin use-related adverse effects vary from
endoscopically visible lesions in the Gl tract within one hour of use to Gl erosion and ulcers, and
in severe cases, Gl bleeding and perforation (135, 137, 138). While these Gl effects are dose-
dependent, even low doses can cause Gl bleeding (139).

Even though the role of NASIDs in increasing the risk for listeriosis among the elderly is
not known, their widespread use along with their ability to cause gastric erosion could potentially
alter the risk for listeriosis. Nonetheless, it is difficult to investigate whether old age alone makes
the Gl tract more susceptible to aspirin-induced damage thus increasing the risk for listeriosis or
whether underlying disease(s) in conjunction with the use of certain high-risk medications leave
the aged more susceptible to listeriosis (161). We also need to elucidate whether the use of PPI
can increase the risk for listeriosis among the elderly or all adults aged >45 years. Moreover,
NSAID and PPIs may be concurrently used by some older individuals. Thus, the impact of
concurrent use of these medications in increasing risk for listeriosis specifically in the elderly

also warrants investigation.
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VIII. Genetic Susceptibly Factors

Alterations in the human genetic makeup can also affect the susceptibility to infections
(162). In view of the number of immune factors and their optimum expression that are required
for protection against listeriosis, it is possible that genetic polymorphisms involving these crucial
genes may lead to alterations in susceptibility towards listeriosis (163). Polymorphism in the IL-
10 gene promoter and resulting alterations in IL-10 levels enhance the risk for systemic lupus
erythematosus (164). As IL-10 levels tilt the Thl to Th2 balance similar to the events in
pregnancy, alterations in IL-10 levels may lead to changes in immunity against listeriosis (64,
78, 165, 166). Similarly, genetic polymorphisms in TLR-4 receptor, TNFa, IL1 and other crucial
chemokines could also alter susceptibility to listeriosis in humans (167-170).
IX. Nutritional Factors

Adequate levels of nutrients can provide protection against infection. Evidence suggests
that riboflavin (vitamin B2) and vitamin D deficiencies could modulate the risk for listeriosis
(171-174). Approximately, 41.6% of the adults in US are deficient in vitamin D, and similar
estimates exist worldwide (175, 176). According to some estimates, about 27% of the older
population suffer from riboflavin deficiency (177). Acute deficiency of riboflavin in riboflavin-
kinase knockout mice has been shown to result in reduced innate immunity against L.
monocytogenes infections (181). While vitamin D plays an important role in immune regulation,
chemokine production and immune modulation, the direct impact of vitamin D levels on
listeriosis is yet to be determined (178, 179). Considering the role of vitamins B2 and D in human
immunity as well as the prevalence of their deficiencies, the impacts of the levels of these

vitamins on the human risk for acquiring listeriosis merit investigations (180-186, 197)
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X. Social and Behavioral Factors

Identifying and implementing adequate food safety measures is of utmost importance in
preventing listeriosis, especially in susceptible populations (180). The areas of France where the
greatest number of listeriosis cases have been reported have also reported significantly higher
(p<0.05) consumption of high-risk foods than other areas of the country (27). Similarly, studies
have revealed that pregnant women, a highly susceptible group, lack sufficient knowledge
concerning high-risk foods as well as safe cooking and handling of food, which could result in
higher risk of exposure to foods contaminated with L. monocytogenes (181-184). While there is
great need for similar food safety data on the aged population, especially to develop appropriate
food safety initiatives, food-related behavior data for this vulnerable population are also lacking
(180). Preferential consumption of high-risk foods such as unpasteurized Mexican-style soft
cheese by people of Hispanic ethnicity is also thought to increase their risk for listeriosis (185).
Conclusions

Based on epidemiologic studies, it has been known for many years that certain
subpopulations are associated with a higher risk for listeriosis. Aging, pregnancy, premature
birth and immune suppression are the conditions that result in a higher risk, but other less well-
studied factors such as genetics and nutritional status could also affect risk for listeriosis in
humans. Relative to other drugs, cytotoxic (or antineoplastic drugs), corticosteroids and drugs
affecting the immune system are more likely to increase the risk for listeriosis but more
information is needed to directly determine the contribution of each type of drug towards an
individual’s risk for listeriosis (186). Studies aimed at investigating the impact of frequently
prescribed drugs such as NSAIDs and PPIs are also needed to understand their possible

contribution towards the increase in risk for listeriosis, particularly in older populations. In order
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to better predict the risk, the immune response to both low and high doses of L. monocytogenes
needs to be investigated with respect to each of these risk factors in appropriate laboratory
models.

In addition to the susceptibility of these at-risk populations, a better understanding of the
factors that increase the severity and mortality associated with listeriosis is also needed. It is
important to note that the severity of underlying condition (especially in people aged less than 65
years old), patient age (neonates and >65years aged adults) and gestational stage (<28 weeks)
can be important in determining final outcomes in the respective high-risk groups (2, 6-8, 27, 29,
187). There is also evidence that in people aged less than 70 years the presence of underlying
conditions lead to a significant increase in listeriosis-related mortality but not in people >70
years (24). More studies are warranted to evaluate the risk factors for listeriosis-related mortality
in the elderly.

One of the main challenges in accurately assessing the data for pregnancy-related cases is
the inconsistent methods by which the epidemiologic data are collected among different studies
(2, 7, 28). In order to better understand the risk of listeriosis during the perinatal period and in
infancy, data need to be collected using standardized criteria and assessed separately for each
category along with the respective causes (maternal-fetal origin, infant cases etc.), and age
(including gestational age).

We need to better define the population at risk of contracting invasive listeriosis as well
as the population that is more susceptible to serious listeriosis-related complications such as
meningitis. Studies aimed at investigating the impact of frequently prescribed drugs in elderly
are needed to understand the contribution of prescription medication towards the increase in risk

for listeriosis in elderly. As more is learned about the microbiome and nutrition, studies are
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needed to determine their effects on the risk of listeriosis. Finally, the amount of risk contributed
by each risk factor (e.g. aged >65 years, diabetes etc.) individually as well as in the presence of
one or more additional risk factors (e.g. medication) needs to be determined in order to

accurately identify high-risk individuals, prevent new listeriosis cases, and develop effective

therapies.
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Table 1.1. Invasive Cases of Listeriosis from 2004-2011 in the US.

Others
Yegoﬁl;czfl @ Ovwerall Pregnancy-re lated” >6E;d egglrs (<65
=02y years)
IncidenceB 0.29 3 1.3 —
Number of
Cases
2000-2011 | (% of total | 1651 227 (14%) 950 (58%) | 130
(7 cases)
Case 202 (21% 46 (21% 193 (24%) | 53 (14%
fatality rate (21%) (21%) (24%) (14%)
Incidence® 0.27 3.42 1.21 0.10
Number of
Cases 0 0 234
2004-2009 | (% oftotal | 0 126 (17%) 400 (33%) | (3195
@) cases)
Case 140 (18% 30 (29% 79 (20%) | 31 (13%
fatality rate (18%) (29%) (20%) (13%)

AFetal loss or neonatal deaths in pregnancy-related cases based on available data
BIncidence per 100,000 individuals
—Data not reported
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FIGURE LEGEND
Figure 1.1. An overview of susceptibility factors in human listeriosis. Factors affecting
susceptibility to listeriosis are depicted here. ? = Represents factors in which clear
evidence has not been established. Abbreviations: PPI= proton pump inhibitors; AA=

Antacids; NSAIDs= Nonsteroidal anti-inflammatory drugs; RTE= Ready to eat.
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Abstract

On average, pregnancy-related listeriosis increases the risk for fetal and neonatal mortality by 21%.
However, in human outbreaks, the pregnancy-related cases of listeriosis have varied from 5% to
66%, despite indications that pregnant women were exposed about equally. Animal models
developed for pregnancy-related listeriosis have shown susceptibility similar to the clinical
outcomes observed in human pregnancy-related cases. Animal studies are still needed to
understand the biological pathways that are applicable to humans. More dose-response information
is also needed in animal models, especially to model risk for listeriosis at low concentrations in
humans. In addition to other factors, differences in L. monocytogenes strains may also affect the
outcome and/or even underlying mechanisms involved in pregnancy-related cases of listeriosis. In
order to understand the differences in susceptibilities among humans, the impact of the differe nces
in the virulence of L. monocytogenes strains needs to be understood. Pregnant women need to be

educated about avoiding high-risk foods like Mexican-style cheese and ready-to-eat meats.

Key Words: Pregnancy, Listeriosis, Pregnancy-related listeriosis, Emerging Infections,

Listeria monocytogenes
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Introduction

Listeriosis results from exposure to a food-borne bacteria, Listeria monocytogenes. While the
incidence of listeriosis has been reduced by 42% from 1996 to 2012 and has reportedly plateaued
since, due to improved technologies in identifying L. monocytogenes and linking clinical strains
to specific foods, the number of food recalls and recognized outbreaks have increased in recent
years (Olsen et al.,, 2005; CDC, 2014a). This has created a situation where pregnant women
recognize that they have been exposed to potentially contaminated food with little guidance for
what can be done to prevent a possible devastating effect to their unborn child. Table 2.1
reviews major outbreaks, epidemiologic data and selected reviews of pregnancy-related cases in
the US.

There are two forms of listeriosis, invasive and noninvasive. The non-invasive form is
usually observed in healthy adults where L. monocytogenes does not cross the gastrointestinal
(GI) barrier. Whereas, an invasive form is defined as the detection of L. monocytogenes from
sites such as blood, cerebrospinal fluid (CSF), products of conception or others that are normally
considered sterile (CDC, 2013c). A case is identified as pregnancy-related when the products of
conception from a pregnant woman, or the samples from her fetus or infant aged <31 days, test
positive for L. monocytogenes (CDC, 2013). These products of conception include placenta,
amniotic fluid, fetal tissues and tracheal aspirate septum from the fetus (CDC, 2015d). The
mother-fetus (or infant <31 days) pair is counted as a single case (CDC, 2013).

Although listeriosis is rare, it is still the third leading cause of death from food-borne
infections in the US (Scallan et al., 2011; CDC, 2013c). As compared to non-pregnant women of
reproductive age, pregnant women have a relative risk (RR) of 114.6 [95% /CI: 68.9-205.1]

(Pouillot et al., 2012a). As compared to the general population, pregnant women and pregnant
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Hispanic women have 10x and 24x higher risk for listeriosis, respectively (CDC, 2013c). In the
US, about 1 in 7 cases of listeriosis occur in pregnant women, nonetheless, outbreaks in 1985
and 2000 have reported 66% (93 out of 142) and 85% (11 out of 13) of cases as pregnancy-
related (Linnan et al., 1988; CDC, 2001; 2013c). In another listeriosis outbreak in 2014,
consumption of contaminated quesito casero (fresh curd) was associated with five cases, three of
which were pregnancy-related (CDC, 2014b). Pregnancy-related cases of listeriosis continue to
present a challenge, particularly considering the high fatality observed in fetuses and neonates
(CDC, 2013c). On average, listeriosis in the US has about a 21% case fatality rate for all groups,
including cases of fetal losses (CDC, 2013c). Approximately 18-22% of the pregnancy-related
cases result in fetal loss, and 3-12% cases result in neonatal deaths [Table 2.1, Table 2.2] (CDC,
2013c; Awofisayo et al., 2015).
History of Pregnancy Related Cases in US and Europe

One of the earliest accounts of risk of listeriosis in pregnancy occurred in 1949 when L.
monocytogenes was recognized as the causal agent behind a severe infection in 85 newborns in
Germany, all resulting in stillbirths (Hof, 2003). In 1951, Potel termed this severe infection in
newborns as “infantiseptica granulomatosis” (Potel, 1952). Seeliger (1961) correctly classified
the causative organism in microbiological samples isolated from neonatal cases as Listeria. In
Britain, from 1967 to 1985, 248 pregnancy-related cases of listeriosis, and 42 (19%) related fetal
losses were reported (McLauchlin, 1990). From 1975-76, 126 (75.4%) pregnancy-related cases
of listeriosis were reported in Western France (Carbonnelle et al., 1979). In 1980s there were
several large listeriosis outbreaks in US and Canada which established the potential threat to
public health from food contaminated with L. monocytogenes (Davies et al., 1984; Shetty et al.,

2009).
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While epidemiologic data suggest that about 16% of all cases are related to pregnancy,
each outbreak can result in a varying number of pregnancy-related cases (Awofisayo et al., 2015;
CDC, 2013; Girard et al., 2014). Major outbreaks in the US from 1985 to 2016 are listed in Table
2.1.In 2011, one of the largest and deadliest listeriosis outbreaks in US resulted in 147 total cases
but only 7(5%) pregnancy-related cases; whereas, in the 1985 Mexican-style cheese outbreak, 93
(66%) of 142 were related to pregnancy (Linnan et al., 1988; CDC, 2011). Even though it is
estimated that over 6500 pregnant women may have had multiple exposures to contaminated
cantaloupes during the 2011 outbreak, the estimated risk for listeriosis was found to be low in
exposed pregnant women, and fetal mortality did not increase as compared to pre-outbreak periods
(Imanishi et al., 2015). These outbreaks illustrate the lack of knowledge concerning why pregnant
women and their fetuses are extremely susceptible to L. monocytogenes in some exposures, but
seem to be resistant in others.

Over the years, fewer (<14%) pregnancy-related cases per outbreak have been reported
[Tablel]. This reduction in pregnancy-related cases has been attributed to improvements in food
safety (CDC, 2014a). However, every few years an outbreak reporting a high number of
pregnancy-related cases are seen [Tablel]. The death rate in neonatal cases varies from a low of
3% in the US to a high of 12% in England and Wales (CDC, 2013c; Awofisayo etal., 2015).

Usually, ready-to-eat meats and cheeses are regarded as high-risk foods, but several
recent outbreaks have implicated foods such as cantaloupes, ice-cream and apples, that are not
traditionally considered high risk [Table 1] (FDA, 2003). From 2009-2011, cheese made from
pasteurized milk, have been implicated in 50% of the outbreaks and 23% of outbreak-related

cases (CDC, 2013c).
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Fetal and Neonatal Susceptibility

While the epidemiologic evidence in Table 2.2 reveals that gestational age is inversely
proportional to adverse fetal outcome in pregnancy-related cases of listeriosis, underlying
mechanisms for this susceptibility are not understood (Girard et al., 2014; Awofisayo et al.,
2015). However, confounding may result from the difficulty in diagnosing cases in the first
trimester, and assigning gestational age at the time of diagnosis based on the onset of maternal
listeriosis-related symptoms (Awofisayo etal., 2015). In studies from England and Wales and
France, each pregnancy-related case was defined as a mother and her fetus or infant (aged <28
days) that tested positive for L. monocytogenes in either the blood, placenta or CSF (Girard et al.,
2014; Awofisayo et al., 2015). Maternal symptoms were reported for 259 cases of the 462 cases,
among which, 176 (67.9%) expectant mothers reported having listeriosis-related symptoms
(Awofisayo etal., 2015). Maternal symptoms may be related to fetal outcome, as a larger
number of live births occurred in cases when there were no maternal symptoms than in the cases
with maternal symptoms (Awofisayo etal., 2015). This suggests that symptoms may be related
to the severity of listeriosis, and ultimately to pregnancy outcome, but this has not been studied.

The percentage of live births increases with advancing gestational age, as shown in Table
2.2 (Awofisayo etal., 2015). The third trimester cases had a 157 higher odds ratio (95% CI 54.9—
478) of resulting in a live birth, as compared to the first and second trimesters (Awofisayo et al.,
2015). Additional studies are needed to confirm whether early gestational stages are more
susceptible to listeriosis, and if so, to determine the molecular mechanisms leading to this
increase in susceptibility. It is also important to determine whether this pattern of susceptibility
exists in exposures at lower as well as higher doses of L. monocytogenes. Longer incubation

times (>20 days) observed in pregnancy-related cases as well as difficulty in assigning
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gestational age in asymptomatic mothers accurately in pregnancy could also lead to
misclassification of the gestational age, and thus confound our understanding of this
susceptibility (Kaur etal., 2007; Goulet et al., 2013).

Neonates are defined as newborns that are less than 28 or 31 days old, depending on the
study (World Health Organization/WHO; CDC, 2013c). Neonatal listeriosis is L. monocytogenes
infection in neonates that can result in physical retardation, granulomatosis infantiseptica or
death (Awofisayo et al., 2015). Itis challenging to assess the data for neonatal and infant cases as
different age and other criteria, such as the time of presentation of symptoms in mother and
newborns, have been used in different studies [Table 2] (Pouillot et al., 2012b; CDC, 2013c). For
example, listeriosis cases in neonates aged <31 days in the US compared to cases in neonates
aged <28 days in France and UK are classified as “pregnancy-related cases” (CDC, 2013c;
Awofisayo et al., 2015).

From 2004 -2009, 54% of the total pregnancy-related cases of listeriosis in the US
occurred in newborns aged <31 days (Sik et al., 2012). Listeria-related meningitis is a relatively
common outcome when newborns develop listeriosis [Table 3] (Silk et al., 2012; CDC, 2013c).
While listeriosis-related meningitis increases with age (median 15 days) in newborns, fewer
meningitis-related deaths have been reported to occur in newborns aged 15-30 days (Silk et al.,
2012; CDC, 2013c). In comparison, a higher overall mortality (21-29%) from listeriosis occurs
in fetuses and neonates that are less than 15 days of age. These findings warrant further study,
especially considering the high frequency with which infant cases aged <31 days have been
diagnosed with meningitis (Silk et al., 2012; CDC, 2013c).

From 1990-2010, in England and Wales, 68% of all pregnancy-related listeriosis cases

resulted in live births. Ofthe 306 live births with known timelines, 61% developed symptoms
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within 48 hours of birth (early onset), whereas 39.2% developed symptoms later than 48 hours
[late onset] (Awofisayo et al., 2015). Asymptomatic mothers had significantly higher late onset
cases than mothers with listeriosis-related symptoms which could be due to earlier diagnosis in
symptomatic mothers, time of exposure during gestation, or the amount of L. monocytogenes to
which the mother was exposed (Awofisayo et al., 2015). A higher percentage of newborn cases
(77.3%) with central nervous system symptoms were late onset in comparison to newborn cases
that presented with bacteremia [19.3%] (Awofisayo et al., 2015). Of the total pregnancy-related
cases reported with known gestational age in France from 1984-2011, (58%) resulted in live-
born neonates (Girard et al., 2014). Most (64%) of the total live-born neonates were born
prematurely (22-36 weeks of gestation), among which, 14% were born extremely preterm (22-27
weeks of gestation). Similar to studies done in the US, gestational age was negatively correlated
with the listeriosis-related mortality, which was significantly lower in the term infants as
compared to the extremely preterm births. Ninety-four percent of the neonatal cases were
diagnosed as early neonatal cases (birth to day 6), and 5% as late neonatal cases (day 7 to day
28). A total of 8% of the early neonatal cases died, whereas none of the late neonatal cases died.
Interestingly, cerebral spinal fluid (CSF) of all late neonatal cases tested positive for L.
monocytogenes (Girard et al., 2014).

In pregnancy-related cases, fetal loss is more common than neonatal deaths (CDC, 2013c;
Girard et al., 2014). One of the major challenges in understanding listeriosis in newborns is
determining the time of exposure (i.e., in utero or postpartum). In addition, the variability in
parameters used for assessing pregnancy-related cases in different studies make it difficult to

draw concrete conclusions. Taking into consideration the high rate of listeriosis-related preterm
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births in both the US and France, there is a need to determine the underlying cause of listeriosis
as well as period of susceptibility for neonates (CDC, 2013c; Girard et al., 2014).
Listeria Invasion and Species Differences

In the invasive form, consumption of food contaminated with L. monocytogenes results in
the entry of the pathogen into gastric epithelial cells (enterocytes), from which the Listeria are
disseminated systemically (Hamon et al., 2006). The capacity of L. monocytogenes to further
cross two other key barriers, the feto-placental barrier and blood-brain barrier, and enter,
multiply and survive phagocytic and non-phagocytic epithelial cells demonstrates the
pathophysiological complexity and intracellular survivability of L. monocytogenes within the
host (Lecuit, 2005; Hamon et al., 2006). Entry of L. monocytogenes into professional phagocytes
like macrophages is a passive process (Mackaness, 1962; Racz et al., 1972; Khelef et al., 2006b).
However, to gain active entry into non-phagocytic mammalian cells, L. monocytogenes requires
two surface proteins, InlA and InIB (Gaillard etal., 1991; Dramsi et al., 1995; Lecuit et al.,
1999). Listeria uses these surface proteins to adhere to receptors in a wide variety of cells such as
enterocytes, fibroblasts, endothelial cells, hepatocytes and epithelial cells (Dramsi et al., 1995;
Cohen et al., 2000; Cossart et al., 2003; McCaffrey et al., 2004).

All cells expressing E-cadherin are potential targets for Listeria entry (Lecuit et al.,
1999). E-cadherin is a calcium dependent transmembrane protein located in the basolateral
membrane of polarized epithelial cells of the intestine and choroid plexus, hepatocytes, dendritic
cells, chorionic villi of placenta, and adheren junctions of endothelial cells in intracerebral
microvasculature (Gallin etal., 1983; Thiery etal., 1984; Shimoyama et al., 1989; Takeichi,
1990; Rubin etal., 1991; Geiger etal., 1992; Fenyves etal., 1993; Kemler, 1993; Tang et al.,

1993; Borkowski et al., 1994; Yap et al., 1997). Usually, human E-cadherin (hE-cadherin)
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functions as an adheren junction via homophilic interactions between adjoining cells; however,
upon contact with L. monocytogenes, hE-cadherin can interact with InlA and internalize the
bacterium (Lecuit et al., 1999).

An ideal animal model for human listeriosis should: 1) display similarity in terms of the
invasion and presentation of L. monocytogenes infections in the host, and 2) be easily available
and can be time-bred in large enough numbers to perform statistically valid studies (Roulo et al.,
2014). Despite mouse-E-cadherin [mE-cadherin] sharing 85% genetic similarity to hE-cadherin,
InlA does not show affinity for mE-cadherin (Lecuit etal., 1999). The hE-cadherin molecule
contains proline at position 16, a critical residue site where InlA interacts and allows L.
monocytogenes to gain entry, whereas the mE-cadherin contains a glutamic acid (Lecuit et al.,
1999). A study has demonstrated using guinea pig cells (GPC 16) that guinea pig E-cadherin
contains proline at position 16 and interacts with InlA, thus making them susceptible to
listeriosis from the oral route (Lecuit et al., 1999). The substitution of the amino acid at position
16 (located in the active site of E-cadherin) in the hE-cadherin from proline to glutamic acid, and
in mE-cadherin from glutamic acid to proline, results in hE-cadherin losing the functional
interaction, and mE-cadherin gaining the ability to interact with InlA (Lecuit et al., 1999). Thus,
the mouse model is not susceptible to listeriosis through the oral route, and is not an appropriate
model to study an infection like human listeriosis that is primarily acquired orally.

Transgenic mice expressing hE-cadherin in their enterocytes have been found to be orally
susceptible (Lecuit et al., 2001). However, a transgenic mouse expressing only hE-cadherin in
enterocytes is not an appropriate model for listeriosis during pregnancy due to the possible role
of InlA-E-cadherin in placental invasion which was not represented in the transgenic mouse

(Lecuit et al., 2001; Lecuit etal., 2004). In order to mimic human listeriosis, an appropriate
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transgenic mouse should express E-cadherin in all tissues that express E-cadherin in humans and
not just the enterocytes (Lecuit et al., 2002).

L. monocytogenes entry into human and mouse hepatocytes has been shown to result
from interactions between InIB and Met receptors (Khelef et al., 2006a). InIB interacts with Met,
gC1gR and proteoglycans in human cells. (Braun et al., 1998; Shen et al., 2000). Recently, InIB
has been shown to aid InIJA—E-cadherin dependent internalization in enterocytes (Pentecost et al.,
2010). InIB interacts with human and mouse Met, but does not display an affinity for guinea pig
or rabbit Met receptor due to the presence of a polymorphism in these Met receptors (Khelef et
al., 2006a). Therefore, it is believed that animals that lack InlB-led interactions could have less
invasion in cells (e.g. hepatocytes) that express Met, thereby rendering the animal model less
effective to study human listeriosis. Despite the presence of polymorphism in the Met receptors,
the guinea pig appears to have similar LDsos as primates and humans, suggesting that there may
be alternative pathways for materno-fetal transmission of L. monocytogenes besides the ones led
by InlA and InlB (Bakardjiev et al., 2004; Williams et al., 2009).

Placental Invasion

L. monocytogenes is thought to use the same surface proteins (i.e. InlA and InIB) to
invade the placenta as it uses to invade other host cells (Bonazzi et al., 2009). Results from
human placental explants have demonstrated that both InlA and InlB could play a role in human
listeriosis (Lecuit etal., 2004). Once L. monocytogenes infects the placenta, micro-abscesses
start to form within the placenta which could lead to repeated infections (Mylonakis et al., 2002).

There is some controversy on how L. monocytogenes gains entry into the placenta, either
by interacting with E-cadherin on the apical surfaces of syncytiotrophoblasts or with E-cadherin

located on the extravillous trophoblasts (Floridon et al., 2000; Lecuit et al., 2004; Robbins et al.,
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2010). Interestingly, even though the guinea pig and mouse are permissive for InlA and IniB
pathways for L. monocytogenes, respectively, maternofetal transmission has not been found to be
InIB-dependent in guinea pigs or InlA-dependent in mouse (Bakardjiev et al., 2004; Le Monnier
et al., 2007). In addition, InlA and InIB L. monocytogenes knockout strains have been known to
invade the placenta in the mouse model, albeit ata much lower rate (Disson et al., 2008).
Because the rate of pregnancy-related cases varies among outbreaks, it is possible that L.
monocytogenes itself may have characteristics that result in greater virulence during pregnancy.
Jacquet et al. (2004) examined the size and expression of internalin in strains obtained from
patients (n=300), pregnancy-related cases (n=61), and food surveillance programs (150). About
96% of all clinical isolates and 100% of the clinical isolates from materno-fetal cases expressed
full-length InlA. Whereas, only 65% of the food isolates (n=150) expressed full length InlA.
These findings led researchers to conclude that InlA is an important internalin for materno-fetal
transmission of L. monocytogenes (Jacquet et al., 2004). Nonetheless, L. monocytogenes strains
with premature stop codons in InlA were able to invade the placentas and fetuses in orally treated
guinea pigs [an InlA permissive model] and mouse [an InIB permissive model] (Holch etal.,
2013). In the mouse model, the invasion of the strains with a premature stop codon in InlA was
similar to the level of invasion by a murinized (able to attach to murine E-cadherin) L.
monocytogenes strain EGD-e InlA™ (Holch et al., 2013). Other models including chicken
embryos have shown susceptibility to listeriosis via InlA- and InlB-independent mechanisms,
suggesting that alternative pathways of placental invasion by L. monocytogenes may exist and

should also be investigated in humans (Gripenland et al., 2014).
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Pregnancy-related Immune Changes and Susceptibility for Listeriosis

In order to prevent allogenic rejection of the genetically dissimilar fetus, the mother’s
immune system adapts during pregnancy which in turn increases the risk for certain infections,
including listeriosis (Jamieson et al., 2006; Mor et al., 2011). While the humoral immune
response appears to be intact under this adaption during pregnancy, the cell mediated immunity
critical for protection against listeriosis appears to be significantly affected (Jamieson etal.,
2006; Thaxton etal., 2010). This is evidenced by the pregnancy-related remission in cell
mediated immune disorders such as rheumatoid arthritis and worsening of antibody-based
autoimmune disorders such as systemic lupus erythematosus (Imrie etal., 1996; Szekeres-
Bartho, 2002). Considering that most women in pregnancy-related cases do not test positive for
L. monocytogenes in their CSF samples, it is possible that this lowering of cell mediated
immunity may be more pronounced locally in the placenta than at the blood-brain barrier [Table
3] (FDA, 2003). However, it is not known how the immune adaptation in pregnancy leads to
remission in a systemic disease like rheumatoid arthritis, while the maternal blood-brain barrier
appears to remain protected against the invasion by L. monocytogenes (Imrie et al., 1996;
Szekeres-Bartho, 2002). Understanding the extent to which these changes occur systemically or
locally in the placenta can help us in understanding the differences in susceptibility between the
mother and the fetus.

Three separate immunological phases with distinct biological phenomena have been
suggested to occur during pregnancy rather than just a single phase dominated by a reduction in
cell-mediated immune response in its entirety (Mor, 2008; Mor et al., 2010). These are: a) pro-
inflammatory phase marked with increased infllmmation as the blastocyst invades the uterine

wall resulting in rapid cell death as well as repair, and removal of cellular debris; b) anti-
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inflammatory phase- primarily dominated by rapid fetal growth and development; c) renewed
inflammatory phase- as the fetal growth has been completed and the mother prepares to expel the
offspring and reject the placenta (Chaouat et al., 2003; Romero et al., 2006a; Romero et al.,
2006b; Mor, 2008; Dekel et al., 2010; Mor et al., 2010). Therefore, depending on the time of
gestation, pregnancy may vary from pro-inflammatory to anti-inflammatory stages (Saito et al.,
2006; Mor, 2008; Mor et al., 2010; Xu et al., 2010). This suggests that trimester-related
inflammatory status alone cannot explain the high number of fetal losses seen in the second
trimester (<28 weeks). The higher susceptibility of the fetus to listeriosis-related adverse effects
during earlier gestation, may be, in part, due to greater vulnerability of the fetus itself. It may be
possible that the anti-inflammatory state during the second trimester increases susceptibility, and
the pro-inflammatory state during the third trimester increases the risk of preterm birth.
Infection-induced increase in T cell response from the mother could produce an inhospitable
environment for the fetus (Rowe etal., 2012). It may be that the presence of this inflammatory
response, when combined with the vulnerability of an underdeveloped fetus, compounds the risk
for adverse effects associated with listeriosis (Awofisayo et al., 2015). Other considerations such
as the severity of fetal listeriosis infection may also play an important role in determining the
outcome in pregnancy-related cases. The mechanisms behind these vulnerabilities need to be
clearly understood so effective preventive strategies can be developed for pregnancy-related
cases.

Among rodents, guinea pigs have the most similarity to the human hemochorial
placentas, which is especially important because the human materno-fetal interface is said to
have a key role in L. monocytogenes’ crossing of the placenta (Ramsey et al., 1982). The

immunological expression profile of inflammatory and anti-inflammatory cytokines as well as
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pathological changes in the placenta resulting from a L. monocytogenes infection were
investigated in time-pregnant guinea pigs (Irvin et al., 2008). Cytokines levels were measured to
evaluate and compare the Thl vs. Th2 response to L. monocytogenes infection in pregnant
guinea pigs. Humoral response was measured via antibodies for listeriolysin O, a toxin produced
by L. monocytogenes to escape phagosomes in phagocytic cells (Hamon et al., 2012). The guinea
pigs were treated with 108 CFUs of L. monocytogenes on GD 35, and then sacrificed on GD 37,
41, 44, or 55. The placenta in the treated dams had significantly reduced interferon gamma (IFN-
Y) and interleukin-2 mRNA expressions on GD 41. Whereas, on GD 55, the TNF-a mRNA
expression decreased in the placenta of the treated dams, and the expression of IFN-Y mRNA
increased. All treated dams also showed significantly reduced TNF-a, but no significant
differences were observed in the other cytokines measured.

In guinea pigs treated with doses >108 CFUs, there was a significant increase in apoptosis
from placenta tissues, as compared to the controls. Additionally, all placentas from dams treated
with 108 CFUs L. monocytogenes showed detectable levels of apoptosis. Placental apoptosis is
thought to increase transmission of L. monocytogenes across the placenta. As compared to
controls, maternal anti-listeria antibodies were significantly raised after exposure to 108 CFUs,
but not in those treated at <107 CFUs. Doses (10°-108 CFUs) that cause higher susceptibilities
and apoptosis in guinea pigs are similar to the estimated human LDsgo [1.9 x 10% CFUs]
((FAO/WHO) Food and Agriculture Organization of United Nations, 2004; Williams et al.,
2007; Irvin etal., 2008). Interestingly, the increase in IFN-Y has also been found in pregnant

humans prior to preterm labor (Makhseed et al., 2003).
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Dose Response in Animal Models and estimated LDso in Humans

Nonhuman primates are both experimentally and naturally susceptible to listeriosis
through the oral route, and, similar to humans, the fetal infections in nonhuman primates present
as stillbirths, abortions and neonatal deaths (McClure et al., 1986; Smith et al., 2003; Smith et
al., 2008). However, considering the number of nonhuman primates needed to determine the
dose response especially at lower doses (102— 10* CFUs), conducting such studies can become
challenging due to high costs (Hoelzer etal., 2012). In addition, nonhuman primates are
generally not euthanized resulting in a lack of data on invasion in different tissues (Smith etal.,
2003; Smith et al., 2008).

L. monocytogenes dose-response was evaluated in pregnant rhesus monkeys using an
isolate from a monkey stillbirth (Smith et al., 2003; Smith et al., 2008). Based on the dose
response data in the pregnant rhesus monkeys, a log-logistic model predicted an LDso of 8.45 x
107 CFUs L. monocytogenes. This is similar to one estimated LDso (1.9 x 10% CFUSs) in
pregnancy-related cases of listeriosis in humans (FAO/WHO, 2004). In addition, stillbirths in
treated rhesus monkeys occurred significantly earlier in gestation (GD=155 + 15) than births that
occurred at term [GD=170 + 6] (Smith et al., 2008). In humans, higher numbers of stillbirths are
known to occur earlier (2" trimester) as compared to preterm labor which occur more frequently
in the third trimester (Elinav et al., 2014). The chances of survival of the fetus appear to increase
with advancing gestation age in humans as well as nonhuman primates (Smith et al., 2008;
Elinav et al., 2014). Similar to humans, no outwards signs of illness were observed in any of the
animals. Additionally, higher rates of preterm delivery in adverse outcome cases, as compared to
normal outcome cases, was observed in the treated animals. The rhesus monkey study also

evaluated the cellular and humoral immune response in treated monkeys (Smith et al., 2003).
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Higher anti-Listeria antibodies were observed in animals that delivered stillbirths as compared to
those that delivered normal births, and thus did not have a protective effect. Interestingly, even
though the white blood cell (WBC) counts were within the normal range for rhesus monkeys,
WABC counts were statistically significantly higher in dams that delivered stillbirths than those
that delivered normal births. Higher WBC counts during pregnancy-related L. monocytogenes
infections have also been found in humans (Mylonakis etal., 2002).

In a guinea pig dose-response study (n=37), dams were orally exposed to 104 to 108 CFUs
L. monocytogenes (Williams et al., 2007). At >108 CFUs treatments, placental invasion was
accompanied by 91-100 % L. monocytogenes-positive fetal liver and brain samples. Doses 109,
107, and 108 CFUs resulted in 22, 33 and 75% increases in fetal mortality, respectively, as
compared to no increase in fetal mortality at 104 and 10° CFUs. In the pregnancies that resulted
in fetal mortality upon treatment with L. monocytogenes, at 108 CFUs dose, the bacteria were
able to invade 100% liver, and up to 75% of spleen and 33% of all maternal gallbladder samples
(Williams et al., 2007). Additionally, all livers and spleens in dams that delivered preterm
stillbirths cultured positive for L. monocytogenes (Williams et al., 2007).

The Mongolian gerbils (Meriones unguiculatus) have been proposed as the small-animal
model for the study of human listeriosis owing to its similarity in permissiveness to both InlA
and InlB pathways to humans (Disson et al., 2009). On GD 15, four pregnant gerbils per group
were treated with 0, 108, 105, 107 or 10° CFUs of L. monocytogenes (Roulo et al., 2014). In the
study, fetal deaths were seen only in the 10° (highest) treatment group in pregnant gerbils so that
a dose response for fetal mortality could not be calculated. These results show that gerbils are
less sensitive than guinea pigs and primates to listeriosis, and suggest that gerbils may not be an

appropriate model to study human listeriosis during pregnancy. Interestingly, in the higher
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treatment groups, six out of seven pregnant gerbils tested positive for L. monocytogenes in their
placental tissues (Roulo et al., 2014). This supports other findings that suggest that placental
tissues are especially susceptible to invasion of L. monocytogenes (Bakardjiev et al., 2005).
Based on mouse studies and additional anatomical, physiological and immunology-

related scaling factors, the joint risk assessment by the Food and Drug Administration, the Food
and Safety Inspection Services of the US Department of Agriculture, and the Centers for Disease
Control and Prevention (FDA/USDA/CDC) estimated an LDso of 1013104 CFUs in human
perinatal cases and fetal infections (FDA, 2003). Whereas, the FAO/WHO (2004) estimated 1.9
X 108 CFUs LDso for pregnancy-related cases in humans based on the 1985 Mexican-style cheese
outbreak. Williams et al. (2009) conducted a risk assessment for pregnancy-related cases in the
third trimester using the dose-response data in guinea pigs and primates, and compared the
results to risk estimates from FDA/USDA/CDC and FAO/WHO. A logistic model predicted an
LDso of 4.0 x 107 CFUs in pregnant rhesus monkeys and 2.0 x 107 CFUs in guinea pigs which are
considerably closer to human LDso (1.9 x 10) than the 1013to 104 CFUs LDso predicted by the
FDA/USDA/CDC risk assessment based on dose-response in pregnant mouse model (FDA,
2003; FAO/WHO, 2004; Williams et al., 2007; Smith et al., 2008).
Clinical Presentations and Diagnosis of Human Pregnancy-related Cases

Maternal L. monocytogenes infections rarely present as severe infection and
meningoencephalitis in the mother (McLauchlin, 1990). Usually, the maternal illness is mild and
may even be asymptomatic. On the other hand, materno-fetal transmission of L. monocytogenes
can lead to an inflammation of the amnion, (amnionitis), preterm labor, stillbirths, spontaneous

abortions or severe disease “granulomatosis infantiseptica” in the newborns (Mylonakis et al.,
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2002). In “granulomatosis infantiseptica”, the newborns present with wide-spread microabcesses
and granulomas (Janakiraman, 2008).

Early diagnosis and antibiotic therapy in L. monocytogenes infections has been known to
result in a normal pregnancy outcome (Janakiraman, 2008). Reliable early diagnosis for
pregnancy-related cases of listeriosis is lacking and occurs usually in the third trimester (Jackson
et al., 2010; Lamont et al., 2011; Allerberger et al., 2015). The most common test for diagnosing
pregnancy-related cases is the culture of blood (from the infected mother or infant) and/or
placenta to detect for the presence L. monocytogenes [Table 3] (Mylonakis et al., 2002). Current
testing is challenging as these tests are invasive, and most placental cultures can only be
performed postpartum. Moreover, in the presence of clinical symptoms, a negative culture does
not rule out the presence of L. monocytogenes infection (CDC, 2016). Vaginal swabs and urine
samples are routinely negative in pregnancy-related cases of listeriosis, and genital carriage of L.
monocytogenes is considered to be low (Chattopadhyay et al., 1991; Charlier etal., 2014).

In areview of 11 pregnancy-related listeriosis cases by Mylonakis et al. (2002), the most
common symptoms were fever and flu-like symptoms. Ten (out of the 11) cases for which the
WBC count was available, eight reported leukocytosis or high WBC count. According to a report
of six neonatal cases of listeriosis, the WBC count was reported to be high (Wu et al., 2008).
Similar observations have also been made in an analysis of the clinical symptoms in 16 cases of
maternal listeriosis in China (Wang et al., 2015). Wang et al. (2015) observed fever in 93.8% (15
out of 216), high WBC in 78.6% (11 out of 14) and 77.85 % (7 out of 9) had chorioamnionitis.
However, WBC count has also been reported to rise naturally from approximately 6 x 10° L™t in
the first trimester to approximately 16 x 10° L™t at 36 weeks in pregnancy, and therefore results

should be compared against the background increase in WBC count (Pavord et al., 2010).
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In neonates, the most common symptoms in descending order of frequency are,
respiratory distress, fever and/or neurological abnormalities (Mylonakis et al., 2002). Of the total
100 neonatal cases diagnosed (94 from literature and 6 from case studies), 24% developed
meningitis or other forms of neurological abnormalities. In the 94 neonatal cases reviewed from
the literature between 1990 and 2000 only 59 (62.8%) recovered, and worst prognosis was
associated with the diagnosis of meningitis alone or meningitis in combination with
bacteremia/septicemia or pneumonia (Mylonakis et al., 2002).

About 2/3™ of the liveborn infants from infected pregnant women are known to be born
with listeriosis (Smith et al., 2009). Diagnosis in pregnancy-related cases have been confirmed
with maternal and neonatal blood with almost equal frequency [Table 3]. The CSF samples
rarely test positive in pregnant women even though the blood samples test positive in 28 —40%
of pregnant women with listeriosis [Table 3]. In the US, 7-21% of the neonatal cases tested
positive for L. monocytogenes in CSF samples (CDC, 2013b; 2015d). Thus, a negative result
from a CSF sample from either the mother or infant cannot be used to rule out listeriosis.

In the case study by Mylonakis et al. (2002), three (30%) out of 10 infected pregnant
women had abnormal liver function tests, and two of these three reported increased serum
transaminases. Liver lesions in guinea pigs as well as abnormal liver tests in some pregnant
women suggest that liver enzymes may be used as a biomarker for listeriosis (Smith et al., 2003;
Williams et al.,, 2007; Janakiraman, 2008; Smith et al., 2008). In order to predict clinical
outcomes and design suitable therapies for pregnancy-related infections of Listeria, appropriate

biomarkers for Listeria specific infections in pregnancy are needed (Grieg et al., 1995).
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Disease Status in Pregnancy

Most cases are known to occur in women without underlying conditions (Mylonakis et
al., 2002; Janakiraman, 2008). In a review of 222 pregnancy-related cases from 1980, Mylonakis
et al. (2002) noted the following predisposing conditions in addition to pregnancy: use of
corticosteroids in three cases, diabetes mellitus in two cases, systemic lupus erythematosus in
two cases and HIV infections in another two patients. Patients with comorbidities like diabetes,
HIV infection, immunosuppressive medication and steroid use are at increased risk for listeriosis
during pregnancy because of decreases in cell mediated immunity (Southwick et al., 1996;
Janakiraman, 2008). Nevertheless, no maternal mortality was observed in the listeriosis cases
(n=17) reviewed in pregnant women with different underlying conditions including cancer and
HIV infections (Cancer, HIV etc.), or use of immune-suppressive drugs (Mylonakis et al., 2002;
Girard et al., 2014). Investigating the lack of ability of Listeria to induce maternal adverse effects
while causing fetal effects, could help elucidate the differences in maternal and fetal immunity
during Listeria infections.
Ethnicity, Race and Prevalence

Based on the 2004-2009 US FoodNet Data, in comparison to non-Hispanic pregnant
women (RR=1), Hispanic women have a significantly higher relative risk [RR=3.35; 95%CI:
1.0-7.1] for pregnancy-related listeriosis (Pouillot et al., 2012b). As compared to general US
population, the relative risk for pregnant women is 10.1, and for pregnant Hispanic women it is
24.0 (CDC, 2013c). It has been suggested that these differences may be due to differences in
fertility rates among as well as frequent consumption of high-risk foods such as Mexican-style
cheese among Hispanic women of reproductive age (Ogunmodede et al., 2005; Pouillot et al.,

2012b; Hamilton et al., 2013; Evans etal., 2014). In one of the largest (total cases =142) US
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listeriosis outbreaks resulting from consumption of contaminated Mexican-style cheese, 87% (81
out of 93) of the pregnancy-related cases occurred in Hispanic women (Linnan et al., 1988). In
2000, another outbreak involving home-made Mexican-style cheese in North Carolina reported
11 (out of 12) cases were pregnancy related. Ofall the cases between 2009-2011, 43% of the 198
pregnancy-related cases for whom the ethnicity data was available, were reported to be of
Hispanic origin (CDC, 2013). In addition, more than 70% of cases of listeriosis in the last five
years in US have occurred in White individuals (Table 3). While the higher number of cases
among Whites are reflective of the relative size of the US population, higher susceptibilities
among Whites and Hispanics may be due to the cultural food preferences or other, as yet,
unknown factors.
Conclusions

The underlying mechanisms and susceptibilities to listeriosis are not well understood in
pregnant women. As the detection techniques for L. monocytogenes improve, a higher number of
related recalls are likely to occur. In order to better advise pregnant women about their risk for
listeriosis, additional information on the doses that pose a risk to the fetus, needs to be made
available. Specifically, we need to understand the differences in the dose-response as well as
underlying mechanisms seen in different dose-response models. Understanding the underlying
mechanisms and pathogenesis of L. monocytogenes infections in pregnancy could help in the
development of early biomarkers as well as more effective prevention and treatment strategies.
Furthermore, studies on primary immune cells isolated from individuals with past and recent
exposure to L. monocytogenes could reveal valuable cues about the differences in the immune
response of susceptible populations like pregnant women. As the number of pregnancy-related

cases have been seen to vary from one outbreak strain(s) to another, we need to understand how
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to accurately predict pregnancy-related risk for a specific L. monocytogenes strain that is
associated with a recall or an outbreak. This becomes more important as Listeria-related recalls
continue to rise. Identifying potential populations (pregnant or nonpregnant older adults) that
may be more at risk from an outbreak or an outbreak-related strain could help target prevention
strategies towards vulnerable populations. Developing predictive and appropriate in vitro tests
and animal models for listeriosis, will be key in developing reliable diagnostic tests, treatments

and preventive strategies for preventing pregnancy-related cases.
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Table 2.1. Comparison of Selected Pregnancy-related Cases of Listeriosis in the US.

Neonatal
. Pregnancy Cases
Time of
Type of Data COl(J)f;try Case Food Strain(s) Total Rgzzllzteesd Fetal It:l?‘gr;t';%
(Source) Occurrence Cases Loss
Source (% of mothers
total) (% of
total)
Epidemiologic
Cheese
Data (CDC, uUs . o 227 40 147
2013; Pouillot 2009-2011 outé‘r’rgﬁ(sA) NA L1851 1 qaoey | (asw) | (65%)
etal.,, 2012)
Outbreak Caramel 11 1
(CDC, 2015a) us 2014 Apple 2 3 (31%) (9%) -
Quesito
Outbreak Casero
CDC, 2014b) | YS 2014 (Fresh 1 5 3 - 1
Curd)
Outbreak Frere 1 1
(CDC, 2013a) | Y 2013 Cheese 1 6 a7%) | (100%) | -
Ricotta
Outbreak us 2012 Salata 1 22 (5&/) 1
Cheese 0
Outbreak Whole 7 1 3
(CDC, 2012a) us 2011 Cantaloupes > 147 (5%) (14%) (43%)
Mexican-
Outbreak 11 5 2
us 2000 c;tgle!ge 1 12 (92%) 2% 18)
Outbreak 13 4
Mead et al., us 1998-99 Hot Dogs 1 101
( 2006) g (12%) (31%) -
Outbreak Mexican- 93 20
(Linnan etal., us 1985 style 1 142 N 0 _
1988) Cheese (66%) (22%)

ACheese includes Mexican-style and two other types of cheeses
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Table 2.2. Summary of L. monocytogenes Pregnancy-related Cases of Listeriosis from England
and Wales, France and USA.

Pregnancy- st A 2nd 3rd Fetal | Neonatal
. related 1Sttrimester . s . c
Time of trimester® | trimester Loss Deaths
Country C Cases (% Cases (%) C w | C o Preterm % of % of
(Source) ase of total /Survival ases_( 0) ases_( %) Births (%0 (%0
Occurrence listeriosis oy /Survival /Survival total total
cases) (%) (%) (%) cases) cases)
England
& Wales 186
: 462 (15%) 6 (2%)/ 86 (31%)/ 90 53
(Awofisayo | 1990-2010 D 0 0 (67%)/ - 0/\E 0/ \E
etal. [278] 0 (0%) 12 (14%) | 176 (95%) (21.3%)F | (13%)
2015)
France 190 372
. 606 (18% 23 (4%)/ 216 166 26
(Girard et | 1999-2011 [5&%5]00) o ((90/;’)) (33%)/ (64%)/ ©4%)° | (2% (5%)°
al., 2014) 60 (30%) | 356 (96%)
USA
(cbc, i . 145 40 6
20130) 2009-2011 | 227 (14%) - - - 61%)° | (18%)C | (@w)e
USA y
(Pouillotet ) o 30
al., 2012b) 2004-2009 126 (17%) - - - - (25%)
A0-13 weeks

B14-27 weeks
C28-42 weeks

PBased on known gestationalage
EBased on known outcome (n=41)
FExcluding women still pregnant at the time of study (n=89)
GBased on all pregnancy-related cases
HBased on known pregnancy outcomes (n= 120)
-Data notreported
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Table 2.3. Clinical Presentation of Pregnancy-related Cases of Listeriosis in last five years in the
US.

Pregnancy-related
Mother Ethnicity and Race Source of Positive Sample Outcomes/Total Known
Year (% of total cases) (% of total cases)? Outcomes
of (% of cases with known
Cases [Caseq outcomes)
(Source)
Ethnicity Race Maternal | Neonatal Fetal | Live | Neonatal
N OPOC Deaths |Births]  Deaths
Hispanic| | .. ON"  \White|Black|Asian| CSHBlood| CSF |Blood
Hispanic
2014
coc, | % 40 45 51 | 10 7 11 29 | 13 | 37 16 18/75 | 4175 5/75
2015 d) (47%) | (53%) [(72%)|(14%)|(10%)[(1%) (30%)|(13%)|(39%)| (17%) | (24%) | (55%) (7%)
2013
(CDC, 68 22 37 42 7 4 0 19 | 14 | 22 11 13/63 | 33/63 2/63
2015c¢) (87%) | (63%) |[(75%)[(12%)| (7%) [(0%) (28%)|(21%)|(32%)|(16%)P| (21%) | (52%) (3%)
2012
(CDC, 65 21 40 45 6 4 0] 32 8 25 7 15/71 | 27/71 3/71
2014c) (34%) | (66%) |(80%)|(11%) 7% |(0%)(43%)[(11%)|(34%)| (9%) | (62%) | (21%) (4%)
2011
(CDC, 47 18 31 33 8 3 2| 23 4 17 10 15/57 | 25/57 157
2013b) (37%) | (63%) |(73%)|(18%) 7% |(4%)(40%)| (7%) |(30%)| (18%) | (26%) | (44%) (4%)
2010
(©DC, | 74 28 37 45 8 3 0| 24 9 33 20 14/72 | 34/72 2172
2012b’) (43%) | (57%) | (75) |(14%) (5%)|(0%) (33%)[(12%)|(45%0)| (27%) | (19%) | (47%) (3%)
Abbreviations CSF= Cerebrospinal Fluid; OPOC= Other products of conception include samples from placenta, amniotic fluid,

fetal tissues and tracheal aspirate from newborns
Aln some cases more than one sample tested positive from one case (i.e. mother-fetus/neonate pair)
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CHAPTER 4

COMPARISON OF THE INVASIVENESS OF FIVE 2011 LISTERIA

MONOCYTOGENES OUTBREAK STRAINS IN HUMAN CELL LINES

1 Rahat Wadhwa Desai and Mary Alice Smith. To be submitted to the Journal of Food
Protection
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Abstract

An unusual listeriosis outbreak in 2011 was linked to five Listeria monocytogenes strains
isolated from contaminated cantaloupes and resulted in 147 illnesses, and 33 adult deaths, but only
7 pregnancy-related cases. Our primary objectives were to compare the in vitro invasiveness of
2011 outbreak strains and mixtures against a known stillbirth isolate, 12443. Cell lines Caco2,
C3A, and BeWo representing the gastrointestinal (GI) epithelium, liver and placenta, respectively,
were chosen to determine in vitro invasiveness. Approximately, 108 CFU/well of all five 2011
strains or their mixtures were incubated separately with either Caco2 (2x10°), BeWo (1x10°) or
C3A (1x10°) cells for 1hr. Then, gentamicin was added to kill all extracellular bacteria. After 1 hr,
gentamicin was removed and the cells were lysed using 0.1% Triton-X to enumerate only the
intracellular bacteria. Ratios of bacterial invasion of test strains to 12443 in the three cell lines
were: mixture of all test strains (Caco2 cells— 0.78, C3A— 3.15, and BeWo—1.27); mixture test
strains 2670+2821 (Caco2— 1.18; C3A— 6.35, and BeWo—1.62); and mixture of test strains
2663+2692 (Caco2— 2.33, C3A— 12.47, and BeWo— 2.12). The ratios of invasion for all 2011
outbreak mixtures to 12443 were significantly higher in C3A (p<0.05) cells than BeWo cells and
Caco?2 cells. Relative to the stillbirth isolate, the 2011 strains appear to be less invasive as mixtures
in placental (BeWo) cells as compared to liver (C3A) cells which may explain fewer pregnancy-
related cases in the 2011 outbreak.
Key Words: Listeriainvasion, Pregnancy-related listeriosis, Human listeriosis, In Vitro

Invasion, Human Cell lines, Listeria monocytogenes, 2011 listeriosis outbreak
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Introduction

About 14 % or more of total cases in listeriosis outbreaks are pregnancy-related (1). In
2011, one of the deadliest food-borne outbreaks in 90 years occurred in the US (2). The outbreak
involved five Listeria (L.) monocytogenes strains and resulted in 147 cases, 33 adult deaths
(23%) but only seven (5%) pregnancy related cases. In comparison, the 1985 Mexican-style
cheese outbreak involved a single strain of L. monocytogenes and reported 142 cases, wherein
66% of the cases were pregnancy-related (3). We hypothesized that as compared to a known L.
monocytogenes stillbirth strain, the 2011 strains may have biological characteristics that make
them less likely to reach and invade the placenta and fetus. Additionally, the involvement of five
strains in the 2011 outbreak raised the question of the impact of multi-strain exposure on
invasiveness. We hypothesized that multi-strain exposure may have led to increased
invasiveness, which in turn led to high mortality in the 2011 listeriosis outbreak but few
pregnancy-related cases.

Currently, there are no validated tests that predict which L. monocytogenes strains are
more likely to cause adverse effects in pregnancy. Several studies have shown that in vitro
invasion assays can distinguish between weakly, moderately and highly invasive L.
monocytogenes strains (4). The differences in the invasiveness of the 2011 L. monocytogenes
outbreak strains as compared to known stillbirth isolates of Listeria may account for the
inconsistent percentage of pregnancy-related cases in different outbreaks. Three important
barriers in materno-fetal transmission of L. monocytogenes are gastro-intestinal (GI) epithelium,
liver and placenta. In our study, these tissues are represented by human cell lines Caco2, C3A
and BeWo, respectively. Caco?2 cells are from human colorectal adenocarcinoma; C3A cells are

clonal derivatives of the human hepatocellular carcinoma cell line Hep G2; and BeWo is a
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human choriocarcinoma cell line (5-7). Comparing the invasiveness of 2011 L. monocytogenes
strains in these cell lines to a strain isolated from a nonhuman primate stillbirth could help
predict which L. monocytogenes strains are more likely to result in adverse effects during
pregnancy (2).

L. monocytogenes strain 12443 (serotype 1/2a) was isolated from a spontaneous stillbirth
in a rhesus monkey housed in an outdoor colony at the Yerkes National Primate Research Center
and subsequently used to study listeriosis by infecting pregnant rhesus monkeys (8, 9). In
addition to primates, strain 12443 has been shown to cause stillbirths in guinea pigs and
Mongolian gerbils (10, 11). Because of its invasiveness in pregnant animal models, this strain
was chosen to compare the invasiveness of the 2011 strains in human cell lines.

According to risk estimates, the majority of people are exposed to 108 or fewer CFUs of
L. monocytogenes an average of two to three times a year (12). Based on the 1985 Mexican-
style cheese outbreak data, the World Health Organization estimated a 1.9 x 10 CFUs LDso for
L. monocytogenes in human pregnancy-related cases (13). Whereas, the FDA/USDA/CDC
estimated a human LD50 at 1013-1014 CFUs based on fetal mortality and perinatal outcomes in a
mouse model (12). These widely varying estimates indicated the need for additional information
in what factors contribute to pregnancy-related susceptibility.

The five strains isolated from the 2011 outbreak, 2679, 2821, 2670, 2692 and 2663 are
clinical isolates from patients affected by the 2011 listeriosis outbreak. The objective of our
study is to compare the invasiveness of the five L. monocytogenes strains from the 2011 outbreak
to a strain isolated from a non-human primate stillbirth (strain 12443) in human cell lines

representing the gastro-intestinal barrier (Caco2), liver (C3A) and placenta (BeWo). To
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determine the most invasive strain as well as the effect of exposure to multiple strains, we
compared the invasiveness of the 2011 strains individually as well as in mixtures of strains.
Methods:
Here were describe the methods used in the current study. These methods include acquiring and
growing cells cultures as well as L. monocytogenes strains.
Cell Cultures

All cell lines (Caco2, C3A and BeWo) were obtained from ATCC®, and cells were grown
separately using their respective recommended protocol (14-16). After retrieval from storage in
liquid nitrogen, the cells were taken through at least three passages. A preliminary study was
conducted to determine the cell number for optimum invasion of L. monocytogenes at 106 CFUs
which was 100,000 BeWo cells (data not shown). To compare results between BeWo and C3A
cell lines, 100,0000 were used for both BeWo and C3A, which yielded semi-confluent layer in
both cell lines. Considering the physiology of the Gl barrier, 200,000 Caco2 cells were seeded
per well to achieve a completely confluent layer. Experiments testing the differences between
100,000 and 200,000 within each cell line found no differences in invasiveness of different test
strains at 10 CFUs (data not shown).

Listeria monocytogenes strains

The 2011 clinical L. monocytogenes strains 2679, 2821, 2670, 2692 and 2663 were provided by
the Centers for Disease Control and Prevention. The rhesus monkey stillbirth isolate 12443 was a
gift from the Yerkes National Primate Research Center, Atlanta, Georgia.

Bacterial Culture Preparation:

All L. monocytogenes strains including the positive control were grown from cryobeads (stored

at -80°C) for three consecutive days at 37°C in Tryptic Soy Broth (TSB). Each strain was grown
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individually by dropping a bead in 10 ml of TSB on day one, followed by two consecutive
transfers of 100U in 9.9ml of TSB every 24 hours.
Invasion Assay:

Methods for the invasion assay were adapted from a study by Sahu and colleagues (17).
The bacterial treatments were prepared after washing the inocula three times in phosphate buffered
saline. L. monocytogenes treatments at 10® CFUs were prepared in complete growth media
(specific to cell type) with 10% FBS, and left to acclimatize in the media for 1 hour at room
temperature (~20-22°C). At the end of one hour, all inocula including mixtures were serially
diluted to determine the total CFUs in the initial inocula. Based on the results of the invasive ness
of individual strains, three different mixtures of the 2011 strains: 1) mixture of all of the five
strains; 2) mixture of the two least invasive strains (2670+2821); and 3) mixture of the two most
invasive strains (2663+2692) were prepared for cell treatments as described above.

On the day of the experiment, cell lines (BeWo, C3A or Caco2) were washed three times
with antibiotic-free complete growth media. Then, cells were treated in triplicates with 10 CFUs
of each of the three mixtures, five individual 2011 strains (2679, 2663, 2692, 2670 or 2821), or
the positive control strain 12443. Additionally, three wells containing cells that were not treated
with bacteria were used as negative controls.

The cultures were then incubated for 1hr at 37°C and 5% CO.. After letting the invasion
proceed for 1 hour, the cultures were removed from the incubator and washed three times with
0.5 ml of antibiotic-free complete growth media (CGM) per well. Then, 1ml of 0.1% gentamicin
(100 I of gentamicin/10ml CGM) was added to wells, and was re-incubated at 37°C and 5%

COa..
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Following 1 hour of the second incubation, cells were washed three times with 0.5 ml of
Dulbecco’s Phosphate Buffered Saline in order to remove any remaining gentamycin. After
washing, 1ml of 0.1% Triton-x was added to all the wells for 10 minutes to lyse the cells. Each
well was scrapped and the resulting lysate was plated on tryptic soy agar (TSA) to enumerate the
intracellular bacteria. If needed, the lysate obtained from each well was serially diluted to obtain
a countable number of CFUs per ml.

All TSA plates were incubated for 48 hours in an incubator at 37°C, at the end of which,
CFUs were counted from each plate. The experiment was repeated three separate times, and an
average of all three experiments was reported in the results.

Initial experiments comparing the invasiveness of the five 2011 strains individually at
104, 106 and 10° CFU/mL to 12443 in BeWo showed that optimum invasion occurs at 10°
CFU/mL bacterial concentrations with 1x10° BeWo cells (data not shown). To further determine
whether different combinations of test strains would yield different invasion rates, separate
mixtures were created by combining less invasive strains (2670+2821), more invasive strains
(2691+2663), and a mixture of all five strains. Thus in total, cell treatments included five
individual 2011 strains, three aforementioned mixtures of test strains and the positive control
12443 strain.

Statistical Analysis

All analysis was done in STATA version 13.1. For comparisons between the percent
invasions of 12443 and individual test strains or test strain mixture, a student T-test was used to
determine statistical differences. For multiple comparisons between the percent recoveries or

ratios of test strains and mixtures to 12443, one-way ANOVA was performed, followed by
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SIDAK post-hoc test to identify the differences in the invasiveness of the 2011 strains and
mixtures.
Results

The percent recovery of each test strain or mixture was calculated by dividing the CFUs
recovered from the lysate with the CFUs in the initial inocula and multiplying by 100. To
compare the invasion across cell lines relative to the primate stillbirth isolate 12443, a ratio of
the percent recovery of test strain to 12443 was calculated.

To determine the optimal dose of L. monocytogenes for the invasion assays, the 2679
strain was compared individually to 12443 at 104, 10and 10° CFU concentrations in 100,000
BeWo cells (Fig 3.1). The results show that optimum invasion for 2679 occurred at 10% CFU, and
decreases at higher doses (Fig 3.1). Similar trends in invasion of all tests strains were observed in
the BeWo cell line (data not shown).

For individual comparisons of each test strain and strain mixtures to the primate stillbirth
isolate 12443 in each cell line, the percent recovery was compared between all test strains and
the positive control strain 12443 in each of the cell lines. The percent invasion of L.
monocytogenes 2011 strains were compared with the positive control strain 12443 in Caco2 cells
(Fig 3.2). The percent recovery of test strains 2692 and strain mixture 2663+2692 were the
highest in Caco?2 cells (Fig 3.2). In the C3A cell line, the primate isolate is less invasive (p<0.05)
than all test strains and mixtures except 2821. Strain 2821 was significantly less invasive than
strains 2663, 2692, 2679, 2663+2692 mixture, and mixture of all test strains. (Fig 3.3). In the
BeWo cells, 12443 was less invasive than both 2670+2821 and 2663+2692 mixtures (Fig 3.4).
Strain mixture 2670+2821 was more invasive than individual strains 2679, 2821 and 2670. And,

the 2663+2692 strain mixture was more invasive than all individual strains (including when 2663
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and 2692 were tested individually), and all test strain mixtures. In this cell line, strain mixtures
2670+2821 and 2663+2692 showed an additive effect as compared to single strains. The mixture
including all 2011 test strains was the least invasive mixture (Fig 3.4).

To compare the results of all test strains and mixtures with respect to 12443, the ratios of
percent recovery of test strains to 12443 was compared in all three cell lines. Ratios of percent
recovery to 12443 were compared across Caco2, BeWo and C3A cells (Fig 3.5). Two individual
2011 strains and all strain mixtures were most invasive in C3A as compared to the BeWo and
Caco? cells. Of all the strains and strain mixtures including 12443, strain mixture 2663+2692
was the most invasive in C3A cells. In addition, strains 2679 and 2663 were also most invasive
in C3A as compared to BeWo and Caco? cells.

In the Caco2 (GI) cells, strain 2663 and strains mixture 2663+2692 were most invasive of
all 2011 test strains and mixtures as well as primate stillbirth isolate 12443 (Fig 3.2). In C3A
(liver) cells, 12443 exhibited less percent recovery individually than all test strains (except 2821)
and mixtures (Fig 3.3). In BeWo (placental) cells, 12443 showed less percent recovery than
2670+2821 and 2663+2692 mixtures (Fig 3.4). These mixtures showed an additive effect as
compared to the individual strains in the respective mixtures based on the ratio of percent
recoveries. Relative to the stillbirth isolate 12443, all 2011 mixtures and strains 2663 and 2679
were significantly more invasive in C3A (liver) cells than BeWo (placental) and Caco2 cells (Fig
3.5). In addition, with respect to 12443, all mixtures were more invasive in C3A than Caco?2 cells
(Fig 3.5).

Discussion
This study assessed the ability of L. monocytogenes to invade key cell types (i.e. Gl cells,

liver cells and placental cells) involved in invasive pregnancy-related infections. Upon
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internalization into enterocytes, the bacteria has been shown to spread to surrounding cells
including resident macrophages by cell to cell spread (18). The more invasive strains are
assumed to be more virulent, which in reality is dependent on the host’s immune response to the
strain as well as the invasiveness of the strain. However, not all internalized L. monocytogenes
are cleared by the immune system, and thus the more invasive ones are likely to cause more
adverse effects (19). In addition, L. monocytogenes’ principal site for multiplication in the liver
is the hepatocyte, which is known to trigger an immune response as well as apoptosis within in
the hepatocytes (20). Ultimately, the surviving bacteria in the hepatocytes are thought to be
released into the blood stream which can then spread to the placenta or cross the blood brain
barrier (21).

In vitro invasion assays lack the typical advantages offered by the in vivo model
especially in terms of tissue architecture, possible host cell to cell interactions, and immune
response. Invasion in Gl and placental cells is thought to be InlA-Ecadherin dependent, whereas
the invasion in liver cells is InIB-Met dependent. Human cell lines BeWo (non-syncytialized)
and Caco2 are known to express E-cadherin, and C3A cells express the Met receptor (22, 23).
Additionally, in the human placenta, the trophoblasts form a syncytium, whereas unsyncytialized
BeWo cells were used in the current study. Syncytialized BeWo cells are known to express fewer
Ecadherin on their apical surface than non-syncytialized cells (23). Because the placental
invasion is dependent on the InlA-Ecadherin interactions, the invasion in the syncytialized BeWo
cells with fewer Ecadherin might be lower than the invasion in the non-syncytialized BeWo
cells. Nevertheless, we do not expect that the relative invasiveness of the test strains to a primate
stillbirth isolate in syncytialized and non-syncytialized to be different. The role of InlA- and

InIB-dependent pathways in placental invasion is still controversial as InlA-independent
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placental invasion is known to occur in guinea pigs [InlA permissive model] and mice [InIB
permissive model] (24). Thus, the current results in BeWo cells may be reflective of only InlA-
dependent pathways.

Our results are similar to studies that have demonstrated higher invasion in more virulent
pregnancy-related L. monocytogenes strains which show higher invasion in vitro in placental
cells (25). The higher invasiveness of most 2011 strains and mixtures in C3A/liver cells than in
BeWol/placental cells, with respect to a stillbirth isolate, could have led to lower rates of invasive
listeriosis in pregnant women than non-pregnant older adults.

Liver serves as an important barrier in defense against L. monocytogenes infection (26).
The liver immune defenses are not known to be compromised in pregnant women which is
evident by their ability to mount a defense against infections as well as the ability to recover
from L. monocytogenes infections without any adverse effects resulting from the infection (27-
32). Thus the strains that are more invasive in liver may be more likely to adversely affect
populations that have a compromised immune system or lowered immunity on account of
advanced age (>70 years).

Curiously, the mixture of 2011 test strains 2670+2821 showed an additive effect in
BeWo and C3A cell lines but not in the Caco2 cell line. Furthermore, when the more invasive
strains like 2663 and 2692 were combined, an additive effect on invasion was observed.
However, when 2663 and 2692 strains were combined with the remaining three 2011 strains, the
resulting mixture showed an attenuated effect in terms of invasiveness in all three cell lines.
These results suggest that the invasiveness of L. monocytogenes strain mixtures can vary with the

type of strains involved in the mixture. Additional studies are needed to determine the underlying
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mechanism behind the differences in the invasiveness of different combinations of the same set
of test strains.

Similar to the risk estimates in humans (LD50= 1.9 x 106 CFU), the in vitro invasion
results show an increase in invasion at 106 CFUs in human cell lines as compared to lower doses
[10% CFUs] (13). Interestingly, the 2011 human clinical isolate 2663, which was from a deceased
patient, exhibited one of the highest invasion rates in the current study indicating that
invasiveness in human cell lines may be reflective of the virulence in humans. Because the 2011
L. monocytogenes strains are less invasive in placental cells with respect to a known stillbirth
isolate than liver cells, they may be less likely (than a typical stillbirth isolate) to invade the
placenta and cause adverse effects during pregnancy. Moreover, in a pregnant guinea pig pilot
study (n=4), at 108 CFU dose the 2011 strains mixture 2663+2692 were not recovered from any
of the maternal or fetal samples. In comparison, at 106 CFU, 89% livers, 22% spleens and 13%
placentas tested positive for L. monocytogenes in dams treated with of strain 12443. A larger in
vivo study is needed to determine if the 2011 strains are indeed less invasive during pregnancy.
In case it is confirmed, investigating the mechanism behind the reduced invasiveness during
pregnancy could reveal crucial clues on preventing pregnancy related infections. Taken together,
these results show that in vitro invasion assays in human cell lines could help predict the
likelihood of adverse effects in humans.

Our data suggest that individual comparisons of in vitro invasion between the stillbirth
isolate and test strains in single cell lines do not provide a complete picture of susceptibility,
especially in terms of invasiveness or vulnerability of barriers beyond the gastric epithelium. For
example, astrain that is invasive in intestinal cell lines may not be that invasive in placental cell

lines or vice-versa. In order to accurately estimate susceptibility, appropriate strains and multiple
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cell lines representing all relevant tissues should be included in assessing the risk of listeriosis

from newly identified strains.
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FIGURE LEGENDS
Figure 3.1. Percent recovery of L. monocytogenes strain 12443 and strain 2679 in 100,000 BeWo

cells at 104,106 and 10° CFUs. Vertical bars represent the standard errors of the means.

(n=3)

Figure 3.2. Percent recovery of L. monocytogenes test strains and strain mixtures, and positive
control primate stillbirth strain 12443 in Caco2 Cells. Vertical bars represent the standard
errors of the means. Mix is the mixture of all test strains. * represents significantly (p
<0.05) higher invasion by the L. monocytogenes strain or strain mixture compared to

strain 12443. (n=3)

Figure 3.3. Percent recovery of L. monocytogenes test strains, test strain mixtures and primate
stillbirth isolate 12443 in C3A Cells. Vertical bars represent the standard errors of the
means. Mix is the mixture of all test strains. * represents significantly (p <0.05) lower
invasion by the L. monocytogenes strain or strain mixture compared to strain 12443.

(n=3)

Figure 3.4. Percent recovery of test strains, test strain mixtures and primate stillbirth isolate in
BeWo Cells. Vertical bars represent the standard errors of the means. Mix is the mixture
of all test strains. * represents significantly (p<0.05) higher invasion by the L.

monocytogenes strain or strain mixture compared to strain 12443. (n=3)

Figure 3.5. Ratios of percent recovery of test strains to 12443. Vertical bars represent the

standard errors of the means. Mix is the mixture of all test strains. * are representative of
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significantly (p<0.05) higher invasion for that strain or mixture in C3A line than Caco2

and BeWo cells. (n=3)
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Figure 3.1
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Figure 3.2.
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Figure 3.3.
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Figure 3.4.
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Figure 3.5.
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CHAPTER 5

IMPACT OF LACTOBACILLUS RHAMNOSUS ON BIOFILM FORMATION BY

HUMAN CLINICAL

LISTERIA MONOCYTOGENES STRAINS FROM A 2011 OUTBREAK

1 Rahat Wadhwa Desai and Mary Alice Smith. To be submitted to the Journal of Food
Protection.
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Abstract

While L. monocytogenes is often isolated from food processing areas and in some cases
food, most of the isolates have not been associated with outbreaks or cases of listeriosis. There
are suggestions that some L. monocytogenes strains may be more persistent and more virulent
than others, but the exact mechanisms for this are not known. Some reports have suggested that
more invasive L. monocytogenes strains are better biofilm formers than less invasive strains.
Competitive Lactic acid bacteria have been shown to reduce biofilm formation by L.
monocytogenes and might provide a preventive measure for reducing L. monocytogenes
persistence. Our objective is to compare biofilm formation by the five 2011 listeriosis outbreak
strains and their mixtures, a primate stillbirth isolate 12443, and a positive control strain 311
with and without the addition of competitive bacteria, Lactobacillus rhamnosus (LGG). A 96
well polystyrene plate was inoculated with six replicates each of ~1.5 x10% CFU or ~3 x 10 CFU
test strains and strain mixtures in 150 Y Tryptic Soy Broth. To compare biofilm formation with
LGG, six wells were inoculated each with ~1.5 x 10 CFU of test strains or mixtures, and 1.5 x
108 CFU LGG in 150 gl Tryptic Soy Broth. Mixtures of 2011 L. monocytogenes strains did not
form more biofilm than individual strains. The primate stillbirth isolate 12443 showed a
significant increase in biofilm formation from 24 to 48 hours. At 48 hours, 12443 formed the
highest biofilm of all strains including 311. However, in combination with LGG, no test strain or
strain mixture showed an increase in biofilm formation from 24 to 48 hours, and two strains
showed decrease in overall biofilm formation. Our results suggest that biofilm formation may be
indicative of invasiveness of a L. monocytogenes strain during pregnancy. The addition of LGG
prevented the increase in biofilm by L. monocytogenes suggesting that LGG may help reduce the

persistence of L. monocytogenes in the environment.
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Introduction

Listeriosis causing bacteria, Listeria monocytogenes (L. monocytogenes), is ubiquitous in
the environment (1). Ninety-five percent of human outbreaks are thought to occur from L.
monocytogenes serotype 1/2a, 1/2b and 4b (2). In the past, the majority of the human listeriosis
outbreaks have been associated with 4b serotype, whereas 50% of the isolates from food
processing and general environment belong to 1/2a serotype (3). L. monocytogenes is known to
persist in food processing plant (1), and, 99% of human outbreaks are through food contaminated
with L. monocytogenes. Persistent L. monocytogenes strains in food-processing plants are known
to cause stillbirths in animal models (6). Persistence in the food processing environment is
thought to be the main reason behind contamination of commercially produced food (7).

A clinical monkey isolate 12443, shown in our lab to cause stillbirths in nonhuman
primates, guinea pigs as well as Mongolian gerbils, belongs to serotype 1/2a. Moreover, an
outbreak in 2011 which was one of the deadliest food-borne outbreaks in US history viz., the
2011 outbreak also reported strains 2679, 2821, 2670, 2692 and 2663 that belong to 1/2a and
1/2b serotypes. Strains belonging to the 1/2a and 1/2b serotypes are known, in general, to be
good biofilm formers, and have been found to be persistent in factory environments (1, 4).
Moreover, improved molecular techniques have led to higher number of outbreaks reporting
more than one L. monocytogenes strains (5). Therefore, it is important to determine whether
mixtures of L. monocytogenes are more persistent in the environment via the ability to more
effectively form biofilm.

Biofilms are clusters of bacterial cells embedded in a self-secreting extracellular
polymeric substance that aids adhesion to biotic and abiotic surfaces (8, 9). It has been suggested

that the secretion of these polymeric substances helps reduce the permeability of the biofilm
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thereby reducing the penetration of the biofilm by disinfectants (10). Additionally, slow growth
of bacteria and induction of other gene-based resistance mechanisms have been suggested to help
bacteria survive in biofilms and form so called “niches” (11, 12). Because of their inherent
resistance to antimicrobials and disinfectant, biofilms can be very challenging to eradicate (1).
Biofilm formation by L. monocytogenes has been shown to be correlated to increased
environmental survival, persistence within the host gut as well as invasiveness (13). Studies have
shown that the competitive bacteria Lactic acid bacteria reduces L. monocytogenes biofilm
formation (14). Preliminary results in our lab have shown that Lactobacillus rhamnosus (LGG)
may reduce L. monocytogenes induced stillbirths in pregnant guinea pigs (15).

Biofilm formation, and intestinal adhesion and persistence within the gut, are considered
complimentary mechanisms that are under the control of a common virulence factor ActA that
aids in intestinal colonization as well as long term survival in gall bladder and colon (13, 16). To
our knowledge, no studies to date have investigated the ability of human clinical isolates to form
biofilm in a strain mixture.

Overall our aims are to: 1) investigate whether more invasive strains also form more
biofilm thereby resulting in their increased persistent within the host as well as in the
environment; and, 2) whether such L. monocytogenes biofilms can be reduced by adding
competitive bacteria. Specifically, our first aim is to compare biofilm formation (24 hours) and
growth in biofilms (48 hours) between the five 2011 outbreak L. monocytogenes strains and
strain mixtures, L. monocytogenes 12443 strain from a nonhuman primate stillbirth, and a
positive control L. monocytogenes strain 311. The positive control L. monocytogenes strain 311

is a poultry isolate that has shown to be a good biofilm former. The second aim is to determine
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the biofilm formation by L. monocytogenes in combination with an equal quantity of LGG, both
at 24 and 48 hours.

Methods

Described here are the methods followed in the current study. These methods include growing
bacterial strains and the biofilm assay.

Bacterial Strains

Five clinical L. monocytogenes isolates associated with the 2011 outbreak from
cantaloupes were generously provided by the CDC. The LGG strain 53103 was obtained from
ATCC. The primate stillbirth isolate 12443 was a gift from the Yerkes Primate Center. All
isolates were cultured, and subsequently stored long-term on cryogenic beads using a cryo-
protectant at -80°C.

Biofilm Crystal Violet Assay

The biofilm assay has been adapted from Lurenco etal. (17), originally modified from Borucki
etal. (18). Briefly, the L. monocytogenes strains were grown in tryptic soy broth (TSB) over three
days from the -80°C cryogenic beads. On the day of the experiment, each strain was centrifuged
for 10 mins, and washed in phosphorus buffered saline. Then, 10 ml of fresh uninoculated TSB
was added to the bacterial pellet, and vortexed. Each strain was serially diluted in TSB to obtain a
countable (20-250) colony forming units (CFUS).

Three mixtures from the 2011 L. monocytogenes isolates were prepared in TSB. Each L.
monocytogenes mixture was created at a total of 1.5 x 10 CFUs/ml and contained equal parts of
two strains more invasive than strain 12443, or equal parts of two strains that were less invasive
than strain 12443, or a mixture of equal parts of all five test strains. A 150ul volume of 1.5 x 106

CFUs/ml L. monocytogenes strains or their mixtures was used to inoculate 6 wells each in two 90
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well polystyrene plates (Fisher Scientific). At 24 or 48 hours all inocula were withdrawn using a
Vacu-Safe (Integra). Then, all wells were washed three times with 150yl sterile deionized water.
After each wash the water was removed. Following the washes, the plates were inverted and
allowed to dry. After the drying period, 50 il of 0.1% crystal violet dye (CV) solution (wt/vol)
was added to each well and left at room temperature for 45 mins. To remove any unabsorbed dye,
the wells were washed again three times using 150l sterile DI water. In order to dissolve the
absorbed dye, 200pl of 95% ethanol was added to each well. The plate was then incubated at 4°C
for 30 min. Afterwards, 100U of the absorbed dye from each well was transferred to a new sterile
90 well polystyrene plate and absorbance was measured at 600nm using a microplate reader
(FlexStation).

In order to investigate biofilm formation by L. monocytogenes and LGG mixtures, the same
biofilm assay methods as described above were followed. LGG was grown for 24 hours from -
80°C cryogenic beads in Lactobacilli MRS broth (DIFCO, BD, USA). On the day of the
experiment, LGG was centrifuged for 10 mins and the resulting supernatant was discarded. Then,
10 ml of fresh un-inoculated TSB was added to the LGG pellet. A volume of 754 of ~1.5 x 108
CFU/mL of each L. monocytogenes strain or mixture along with 75ul of ~1.5 x 108 CFU/mL
LGG was added to six wells per test strain/mixture in a 96 well polystyrene microplate. Biofilm
formation was measured using the optical density of the crystal violet dye absorbed by the
biofilms after 24- and 48-hour incubation. Each experiment was repeated three separate times.
Statistical Analysis

Average optical density of each strain and mixture from the six wells was compared

using ANOVA on STATA statistical (version 13.1) software. Sidak post-hoc tests were used to
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compare biofilm formation between L. monocytogenes strain, mixtures, positive control strain
and strain 12443 at 24 and 48 hours.
Results

At 24 hours, a concentration of 106 CFU of 2011 L. monocytogenes strain mixtures did
not form more biofilm than as individual strains (Fig 4.1). However, strain 2692 formed more
biofilm at 24 hours than L. monocytogenes strain 2821 and strain mixture 2670+2821 (Fig 4.1).
At 108 CFU concentration, strain 12443 showed a significant increase in biofilm formation from
24 to 48 hours. At 48 hours, 10% CFUs of 12443 formed the most biofilm of all the test strains as
well as the positive control strain 311 (Fig 4.1). No other significant differences at 24 or 48 hours
were observed.

In order to control for the higher amount (3 x 10% CFU) of total bacteria (Listeria and
LGG) used in the biofilm experiments with LGG than in experiments with just Listeria (1.5 x 10°
CFU), biofilms of each test strain and strain mixture were also tested at 3 x 106 CFU
concentration. The comparison of biofilm formation between L. monocytogenes strains (labeled
as 2Lm) and strain mixtures (also labeled as 2Lm)at 3 x 106 CFU is shown in Fig 4.2.
Interestingly, 3 x 10% CFUs of 12443 formed more biofilm at 24 hours than all test strain
mixtures, and approached significance (p =0.053) in comparison to strain mixture 2663+2692
(Fig 4.2). In addition, at 48 hours, 3 x 10% CFUs of strain 2679 formed more biofilm than strain
mixture 2670+2821, the mixture of all test strains or strain 2821 (Fig 4.2). and LGG alone (1.5 x
10° labeled as LGG or 3 x 10° labeled as 2LGG).

In addition, the biofilm formation by a combination of 108 L. monocytogenes and 10°
CFUs LGG was compared at 24 and 48 hours (Fig 4.3). Adding 106 CFUs LGG to 106 CFUs L.

monocytogenes lead to a significant increase (p<0.05) in biofilm formation of all L.

117



monocytogenes strains when compared to biofilm formation by 106 CFUs L. monocytogenes
alone (Fig 4.2 and 4.3). However, LGG formed significantly more biofilm both at 1.5 x 106 and 3
x 108 CFUs than all L. monocytogenes biofilms at 3 x 10% CFUs.

From 24 to 48 hours, LGG showed a significant increase in biofilm formation both at 1.5
x 108 and 3 x 108 CFUs concentrations. Without LGG, L. monocytogenes strains 2670, 2679,
2692 and strain mixture 2663+2692 showed increase in biofilm at 3 x 108 CFUs from 24 to 48
hours (Fig 4.2). Despite an increase in LGG biofilms, none of the LGG+Lm biofilms showed any
increase in biofilm formation from 24 to 48 hours, and two biofilms formed by strains 2692 and
2663+2692 mixture showed an overall decrease (Fig 4.3).
Discussion

Due to the ubiquitous nature of L. monocytogenes, there is a possibility that more than
one strain exists in a given environment. Our results indicate that L. monocytogenes mixtures are
not likely to form more biofilm than single strains. However, these differences may vary by type
of L. monocytogenes strain and even type of surface involved e.g. steel vs. wooden surfaces.

Bacteria-free supernatant from Lactic acid bacteria have been shown to reduce biofilm
formation by L. monocytogenes (19). At 48 hours and 1.5 x 108 CFUs concentration, the primate
stillbirth isolate 12443 formed significantly more biofilm than all test strains and mixtures. At 24
hours and 3x106 CFUs, L. monocytogenes strain 12443 formed significantly more (p<0.05)
biofilm as compared to four out of five test strains (except 2679), and two out of three (except
2663+2692) test strain mixtures from the 2011 outbreak. In comparison to the strain mixture
2663+2692, 12443 (3x106 CFUs) formed more biofilm, nearly reaching significance at p= 0.053
(Fig 4.2). Adding LGG to L. monocytogenes in our experiments prevented the increase in biofilm

formation in any of the test strains or strain mixtures. Addition of LGG resulted in an increase of
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biofilms by strains that do not otherwise show increase in bioflm formation without the addition
of LGG. Moreover, after the addition of LGG, the biofilms by L. monocytogenes increased to
almost the same level as the biofilm produced by LGG alone suggesting that the increase was
brought about by the growth in the biofilm of LGG and not L. monocytogenes. The L.
monocytogenes mixtures 2663+2692 and mixture of all strains formed significantly more biofilm
with the addition of LGG. Despite the increase in LGG in such biofilms, L. monocytogenes may
not be entirely eliminated in these biofilms. These findings need to be further investigated and
confirmed by estimating the amount of CFU reduction in L. monocytogenes after the addition of
LGG.

A study by Travier and colleagues (13) has shown that biofilm formation and virulence
are controlled via a common L. monocytogenes virulence factor, Act A, and are therefore
correlated. Our results have also shown that the more invasive stillbirth isolate 12443 forms
more biofilm as compared to the 2011 L. monocytogenes strains. The 12443 strain also forms
more biofilm than the 2011 strain mixtures suggesting that biofilm formation by a L.
monocytogenes strain may be indicative of the likelihood of that strain to cause adverse effects in
pregnancy. In order to confirm whether Act A-dependent biofilm formation leads to higher
persistence in the environment, additional investigations comparing biofilm formation between
L. monocytogenes Act A knock-outs with wild type strains are needed.

However, higher biofilm may not mean that those that form more biofilm also survive
longer in the environment. Nonetheless, it is possible that the strains that formed more biofilm
were more likely to exist, at least short term, than the ones that formed less biofilm. Additional
studies are needed to determine if such differences continue to exist over longer periods of times

than the ones used in the current study.
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FIGURE LEGENDS
Figure 4.1. Optical densities of biofilms formed by L. monocytogenes strains at 1.5 x 106 CFUs
(Lm). Vertical bars represent the standard error of the mean. Mix is the mixture of all test
strains. * Represents significantly higher (p<0.05) biofilm formation. Horizontal bar

represents significant increase in biofilm from 24 to 48 hours. (n=3)

Figure 4.2. Optical densities of biofilms formed by L. monocytogenes strains at 3 x 106 CFUs
(2Lm) at 24 and 48 hours. Vertical bars represent the standard error of the mean. Mix is

the mixture of all test strains. * Represents represent significantly higher (p<0.05) biofilm

formation from 24 to 48 hours. (n=3)

Figure 4.3. Optical densities of biofilms formed by Lgg at 1.5 x 10° (Lgg) and 3 x 106 CFUs
(2Lgg) and L. monocytogenes strains with Lgg at 3 x 108 CFUs (Lm+Lgg) in 24 and 48
hours. Vertical bars represent the standard error of the mean. Mix is the mixture of all test

strains. * Represents represent significant (p<0.05) reduction in biofilm formation from

24 to 48 hours. (n=3)
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Figure 4.2.
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Figure 4.3.
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CHAPTER 6
PRELIMINARY STUDY INVESTIGATING THE INVASIVENESS OF 2011
LISTERIOSIS OUTBREAK STRAINS 2663 AND 2692 IN PREGNANT GUINEA PIGS
Introduction

Few animal models have yielded LDsoresults similar to humans when exposed to L.
monocytogenes in laboratory settings (1-3). Among such models has been the pregnant guinea
pig model. This model offers a more cost-effective alternative to the nonhuman primate model.
As more than 99% of human cases are via oral exposure, a relevant small animal model needs to
be orally susceptible to listeriosis (4, 5). Guinea pigs share the same amino acid at the active site
of their gastrointestinal E-cadherin (6, 7). This similarity in their gastrointestinal (GI) E-cadherin
is responsible for their susceptibility to L. monocytogenes infection through the oral route (6). L.
monocytogenes surface protein InlA has been shown to interact with E-cadherin, an interaction
which is involved in the internalization of the bacteria into enterocytes, thereby enabling the
bacteria to cross the Gl barrier (6).

Similar to humans and the primate model, pregnancy-related listeriosis in guinea pigs
leads to increase in fetal morbidity and mortality (1-3). Dose response studies in guinea pigs
have shown that stillbirths in guinea pigs occur at doses >108 CFUs (3). In a risk assessment
based on an outbreak from Mexican-style cheese, the World Health Organization estimated the

human LDsgin pregnancy-related casesto be approximately 108 CFUs (8). The results from the in
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vitro invasion assays in human cell lines have also shown an increase in invasion at 10 CFUs as
compared to 10* CFUs or lower concentrations (Chapter 3).

The results from the in vitro invasion assays showed that, at 106 CFUs, the 2011 L.
monocytogenes strain mixture 2663+2692 is more invasive than other 2011 strains or mixtures of
strains in human cell lines, C3A, BeWo and Caco2 (Chapter 3). Here, our objective is to evaluate
the virulence of the mixture of 2011 outbreak strains 2663 and 2692 in a preliminary study in
pregnant guinea pigs. The data generated in the current study from the exposure of pregnant
guinea pigs to a mixture of 2011 outbreak strains 2663 and 2692 will be compared to the
historical data from pregnant guinea pigs studies exposed to the primate stillbirth isolate 12443.
Methods

In vivo methods were adapted from a study by Williams and colleagues (3). Briefly, five
pregnant guinea pigs were obtained on approximately Gestation Day (GD) 29 and housed in
separate cages. During the entire study period the animals were fed irradiated chow. Upon
arrival, the animals were acclimatized for 1 week on a 12-h light dark cycle. The animals were
monitored twice daily, and weighed every two days. After the 1-week acclimatization period, the
animals were trained to drink sterilized heavy whipping cream.

Bacterial Inoculum Preparation

The 2011 strains 2663 and 2692 were grown individually by using the same methods
described for bacterial inocula preparation in the in vitro section (Chapter 3). Commercial ultra-
pasteurized heavy whipping cream was bought and autoclaved for 15min. Splenda (0.5mg) was
added to make sure that the cream was palatable to the guinea pigs. On the day of treatment,
equal volumes of 106 CFUs each of strains 2663 and 2692 were mixed into sterile whipping

cream.
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Animal Treatment

At approximately GD 35, five pregnant guinea pigs were orally treated with 2.5x106
CFUs of 2663+2692 strain mixture in 5ml sterile whipping cream, and one animal exposed to
vehicle. Pregnancy was allowed to progress until approximately GD 56, and then on GD 56, all 6
guinea pigs were euthanized.

Sample collection

Fecal Samples were collected daily from GD 32 — GD 35, and then, every two-three
days from GD 37 — GD 56. Upon sacrifice on GD 56, maternal mesenteric lymph nodes,
adrenals, kidney, gall bladder, cecum, colon, uterus, brain, spleen, intestine, liver and blood were
collected from all six guinea pigs. In addition, fetal liver, brain, placenta and intestine samples
were also collected.

Sample Analysis

All fecal as well as animal tissue samples were processed using the same method as
described by Roulo et al. (9). Briefly, all samples were homogenized in UVM enrichment media
at a ratio of 1 part sample and 10 parts of the enrichment media, and plated directly in duplicates
on Listeria selective agar (Oxford, Difco). For secondary confirmation, 1ml of each
homogenized sample was added to 9 ml of Fraser broth (10 CFU detection limit) and incubated
at 37°C for 24 hours. After 24-hour incubation, 0.1ml of the (fecal or tissue) sample
supplemented in Fraser broth was plated on Listeria selective agar (Oxford, Difco). For a final
confirmation, selected presumptive Listeria colonies were streaked on to rapid L’mono plates

(Bio-Rad).
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In vivo Results

No Listeria was recovered from directly plating the fecal samples, and it was only
recovered after secondary enrichment of the fecal sample in Fraser Broth (10 CFU detection
limit). Because Listeria likely grew during secondary incubation, the bacterial count from plated
Fraser broth samples could not be used to perform statistical tests, but were used to confirm
presence of L. monocytogenes.

One treated guinea pig delivered three live births a day before sacrifice on post treatment
day (PTD) 21, and one guinea pig three delivered live births the morning of the sacrifice on
gestation Day (GD) 56. No lethargy or other signs of disease were noted in the newborns.
Control guinea pig delivered 1 live and 3 stillbirths two days before sacrifice (~GD 54).

Steady maternal weight gains until parturition in animals treated with10® CFUs of 2011
strain mixture 2663+2692 indicated normal pregnancy (Figure 5.1). L. monocytogenes was
recovered from fecal samples only through secondary enrichment in Fraser Broth, and therefore
numerical counts could not be determined. On post-treatment day (PTD) two (GD 37), all 5
treated animals tested positive for L. monocytogenes in fecal samples, while only 2 tested
positive from PTD 4-14 (~GD 38 — 44) [Table 5.1]. Then, from PTD 45-56, none of the treated
guinea pigs tested positive for L. monocytogenes in their fecal samples [Table 5.1]. In addition,
no Listeria was recovered from any of the maternal or fetal tissue samples. No mortality was
observed in the fetuses of the treated animals [Table 5.1].

Discussion

Williams and colleagues studied the time course of fetal invasion in guinea pigs (1). In

their study, on post-inoculation day 21, 89% of liver, 22% of spleen and 13% of the placenta

were invaded in guinea pigs treated with 106 CFU dose of 12443 (1). In the current study, at 106
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CFU dose of 2011 strain mixture 2663+2692, none of the abovementioned organ samples tested
positive in the treated guinea pigs on PTD 21, suggesting that the 2011 strains may have
characteristics that make them less invasive in pregnancy than strains that are known to cause
stillbirths. In addition, CDC has estimated that more than 6500 pregnant women consumed the
implicated cantaloupe during the outbreak period but the attack rate did not increase as compared
to the pre-outbreak period (10). Altogether, our results in guinea pigs resemble the 2011 outbreak
data which also suggests that the 2011 L. monocytogenes strains may be less invasive and thus

less likely to cause adverse effects during pregnancy.
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Table 5.1. Results: Maternal Fecal Sample and Fetal Outcomes

Positive  Positive Positive szg;e Live Nu(r)r:cber Fetal or
Fecal Fecal Fecal Births . GP Baby
Samples Viable O
sample = sample Samples Post Dosing Fetus weight in
PTD 2 PTD 4-14 PTD 16-21 (% of total) ~GD gm
6/9 4/4 61.25
GP1 Yes Yes No (67%) NA (100%)  (+10.1)
1/9 3/3 94.67
GP2 Yes No No (11%) GD56 NA  (+1652)
1/9 5/5 90.1
GP3 Yes No No 1%  NA O (100%)  (+15.77)
6/9 3/3 106.7
GP4 Yes | Yes No 67% GD55 NA (:2267)
GP5 0/9 1/4 60.86
(Control) No No No ©0%) oDsa NA L (4832
GP6 1/9
(Not Pregrant) Yes No No (11%) NP NP NP

Abbreviations: PTD= Post treatment day; ~GD= approximate gestationday; GP= guinea pig (4 pregnantand one
nonpregnant female).
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Figure 5.1 Maternal weights of treated guinea pigs from pre-treatment to post-treatment day
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FIGURE LEGEND
Fig 5.1 Maternal weights of treated and control guinea pigs from pre-treatment to post-treatment

day 21. Abbreviations: GM= grams; PTD= post-treatment day; NP= Not pregnant.
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CHAPTER 7
CONCLUSIONS

Humans vary greatly in their susceptibility to listeriosis. This difference in susceptibility
is observed across as well as within different susceptible populations such as elderly (>65 years),
immune compromised and pregnant women. The underlying mechanisms of fetal susceptibility
in L. monocytogenes infections during pregnancy are not well understood. With the
improvements in detection techniques, the number of Listeria-related recalls and outbreaks are
expected to rise. This is likely to raise alarm in pregnant women who have consumed the recalled
food. In order to alleviate these concerns and better advise pregnant women, additional
information on L. monocytogenes infections in terms of the infective dose and the invasive
capacity of the implicated strain(s) during pregnancy is needed.

Pregnancy increases the risk for listeriosis by 10 fold (1). However, outbreaks in the US
greatly vary in the number of pregnancy-associated cases compared to total cases (2, 3). It is
suspected that some strains of L. monocytogenes are more virulent in pregnant women than
others. Currently, there are no in vitro tests that can predict which strains are likely to cause
adverse effects in pregnancy. Attenuated strains of L. monocytogenes have been reported to exist
naturally in the environment (4). The L. monocytogenes strains from the 2011 cantaloupe
outbreak are suspected to be less likely to cause adverse effects in pregnancy, and thus provide a
rare opportunity to learn how Listeria may adapt to invade or not invade a host or host barriers

such as the Gl or the placenta (5).
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In vitro invasion assays in human cells lines can distinguish between weakly, moderately
and highly virulent strains (6). Additionally, biofilm has been suggested to be correlated to
invasiveness of L. monocytogenes strains (7). The 2011 cantaloupe strains were compared to an
isolate from a primate stillbirth (strain 12443) in terms of their invasiveness and biofilm
formation (8). We also investigated whether the more invasive strains also formed more biofilm,
and whether these Listeria biofilms can be reduced by the addition of a competitive bacteria,
Lgg.

Relative to the stillbirth isolate, all three tests strain mixtures were significantly (p<0.05)
more invasive in a liver cell line (C3A) than placental cell line (BeWo) and Gl-based cell line
(Caco?2). Liver is considered as the last line of defense against Listeria infections (9). The high
invasive capacity of the 2011 outbreak L. monocytogenes strains and strain mixtures in liver cells
suggests that these strains may affect individuals that have lower immune defenses at the level of
the liver. Liver is an important barrier in defense against Listeria and this barrier is thought to be
compromised in immune suppressed individuals (9, 10). Pregnant women are known to be more
susceptible to Listeria invasion at the placental barrier than other barriers such as the blood brain
barrier (11-15). Cerebrospinal fluid is rarely positive in pregnant women with listeriosis
suggesting that liver defenses are not compromised in pregnant women (11-15). Moreover, even
pregnant women with underlying conditions including HIV and cancer are known to recover
from listeriosis (16, 17). Thus, strains that are more invasive in liver may not affect pregnant
women as much as individuals like nonpregnant older adults whose immune defense may be
lower than a young healthy adult. This may also explain the lack of invasiveness of the 2011
strains mixture (2663+2692) in the livers of pregnant and nonpregnant female guinea pigs. On

the other hand, at the same dose and post treatment day as the current guinea pig study, the
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primate stillbirth L. monocytogenes strain 12443 has been shown by our laboratory to invade
89% of guinea pig maternal livers (18). In addition, the primate stillbirth isolate also formed
more biofilm than all five 2011 L. monocytogenes strains and mixtures. Some studies have
suggested that biofilm formation is correlated to invasiveness (7). The L. monocytogenes
stillbirth isolate 12443 formed significantly more biofilm and was more invasive in pregnant
guinea pigs, suggesting that biofilm formation may be indicative of L. monocytogenes strains(s)
that exhibit high invasiveness in pregnancy. The current approach is in line with the humane
animal research approach of reducing, refining and replacing animal use in research (19). In vitro
tests such as invasion assays in relevant human cell lines and biofilm formation could be used to
reduce the number of animals needed to test the growing number of recall- and outbreak-related
strains. Investigating the type of population, pregnant or others (older adults and immune
compromised) that are at greater risk could help target preventive strategies towards the
susceptible subpopulation(s).

As compared to previous outbreaks, an increasing number of listeriosis outbreaks have
implicated multiple L. monocytogenes strains, which could be due to improved molecular
detection like whole genome sequencing. Thus, it is necessary to determine the risk posed by
multi-strain exposure to pregnant women. In the current study, different combinations of strains
led to varying levels of invasion in the Gl- (Caco2), placenta (BeWo) and liver- (C3A) based cell
lines. For example, the mixture of 2663 and 2692 strains showed the highest invasion in a liver-
based cell line C3A than placenta- and Gl-based cell lines. Curiously, when 2011 L.
monocytogenes strains with high invasion capacity (2663 and 2692) were mixed with strains
with relatively low invasion capacity (2821, 2670 and 2679), the resulting mixture exhibited a

level of invasion that was between the more and less invasive strains. Significant attenuation of
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invasiveness after mixing more and less invasive strains together was observed in all three cell
lines.

The current research paradigm lacks the tools that are needed to predict which L.
monocytogenes strains are likely to cause adverse effects in pregnancy. Our approach provides
tools to predict which L. monocytogenes strains are more likely to be invasive and may
ultimately affect the pregnancy outcome. This is especially important considering the higher

mortality (20-30%) associated with the pregnancy-related cases (21).

140



10.

11.

References

CDC. 2013. Vital signs: Listeria illnesses, deaths, and outbreaks--United States, 2009-
2011. MMWR. 62:448-452.

CDC. 2011. Multistate outbreak of listeriosis associated with Jensen Farms cantaloupe--
United States, August-September 2011. MMWR. 60:1357-1358.

Linnan, M. J., L. Mascola, X. D. Lou, V. Goulet, S. May, C. Salminen, D. W. Hird, M. L.
Yonekura, P. Hayes, R. Weaver, and et al. 1988. Epidemic listeriosis associated with
Mexican-style cheese. N Engl J Med. 319:823-828.

Chakraborty, T., F. Ebel, J. Wehland, J. Dufrenne, and S. Notermans. 1994. Naturally
occurring virulence-attenuated isolates of Listeria monocytogenes capable of inducing
long term protection against infection by virulent strains of homologous and heterologous
serotypes. FEMS immunology and medical microbiology. 10:1-9.

Imanishi, M., J. A. Routh, M. Klaber, W. Gu, M. S. Vanselow, K. A. Jackson, L.
Sullivan-Chang, G. Heinrichs, N. Jain, B. Albanese, W. M. Callaghan, B. E. Mahon, and
B. J. Silk. 2015. Estimating the attack rate of pregnancy-associated listeriosis during a
large outbreak. Infect Dis Obstet Gynecol. 2015:201479-201479.

Moroni, O., E. Kheadr, Y. Boutin, C. Lacroix, and I. Fliss. 2006. Inactivation of adhesion
and invasion of food-borne Listeria monocytogenes by bacteriocin-producing
Bifidobacterium strains of human origin. Appl Environ Microbiol. 72:6894-6901.

Travier, L., S. Guadagnini, E. Gouin, A. Dufour, V. Chenal-Francisque, P.Cossart, J.-C.
Olivo-Marin, J.-M. Ghigo, O. Disson, and M. Lecuit. 2013. ActA Promotes Listeria
monocytogenes Aggregation, Intestinal Colonization and Carriage. PLoS Pathog. 9:1-16.

Smith, M. A., K. Takeuchi, R. E. Brackett, H. M. McClure, R. B. Raybourne, K. M.
Williams, U. S. Babu, G. Ware, J. R. Broderson, and M. P. Doyle. 2003. Nonhuman
primate model for Listeria monocytogenes-induced stillbirths. Infect Immun. 71:1574.

Cousens, L. P., and E. J. Wing. 2000. Innate defenses in the liver during Listeria
infection. Immunol Rev. 174:150-159.

Vazquez-Boland, J. A., M. Kuhn, P. Berche, T. Chakraborty, G. Dominguez-Bernal, W.
Goebel, B. Gonzalez-Zorn, J. Wehland, and J. Kreft. 2001. Listeria pathogenesis and
molecular virulence determinants. Clin Microbiol Rev. 14:584-640.

CDC. Date, 2015, National Enteric Disease Surveillance: Listeria Annual Summary,

2013 Available at: http//www.cdc.goV/listeria/pdf/listeria-annual-summary-2013-
508c.pdf.

141



12.

13.

14.

15.

16.

17.

18.

19.

20.

CDC. Date, 2015, National Enteric Disease Surveillance: Listeria Annual Summary,
2014 Available at:

http//Awww.cdc.gov/nationalsurveillance/pdfs/15 262348a_jackson 2014-
listeriaannualsummary3508-v2.pdf.

CDC. 2014. National Enteric Disease Surveillance: Listeria Annual Summary: 2012.

CDC. Date, 2013, National Enteric Disease Surveillance: Listeria Annual Summary,
2011. Available at: http//www.cdc.goV/listeria/pdf/listeria-annual-summary-2011-
508c.pdf.

CDC. Date, 2012, National Enteric Disease Surveillance: Listeria Annual Summary,
2010. Available at: http//www.cdc.gov/listeria/pdf/listeria-annual-summary-2010-
508c.pdf.

Mylonakis, E., M. Paliou, E. L. Hohmann, S. B. Calderwood, and E. J. Wing. 2002.
Listeriosis during pregnancy: a case series and review of 222 cases. Medicine
(Baltimore). 81:260-269.

Girard, D., A. Leclercq, E. Laurent, M. Lecuit, H. de Valk, and V. Goulet. 2014.
Pregnancy-related listeriosis in France, 1984 to 2011, with a focus on 606 cases from
1999 to 2011. Eurosurveillance. 19.

Williams, D., J. Castleman, L. Chi-Ching, B. Mote, and M. A. Smith. 2009. Risk of Fetal
Mortality After Exposure to Listeria monocytogenes Based on Dose-Response Data from
Pregnant Guinea Pigs and Primates. Risk Anal. 29:1495-1505.

Fenwick, N., G. Griffin, and C. Gauthier. 2009. The welfare of animals used in science:
How the “Three Rs” ethic guides improvements. Can Vet J. 50:523-530.

Lamont, R. F., J. Sobel, S. Mazaki-Tovi, J. P. Kusanovic, E. Vaisbuch, S. K. Kim, N.

Uldbjerg, and R. Romero. 2011. Listeriosis in human pregnancy: a systematic review. J
Perinat Med. 39:227-236.

142



