DIFFERENTIAL RESPONSES TO SALMONELLA TYPHIMURIUM INFECTION IN

THE COLLABORATIVE CROSS MOUSE POPULATION

A Dissertation

by
KRISTIN MOZELLE SCOGGIN

Submitted to the Graduate and Professional School of
Texas A&M University
in partial fulfillment of the requirements for the degree of

DOCTOR OF PHILOSOPHY

Chair of Committee, David Threadgill
Co-Chair of Committee, Helene Andrews-Polymenis
Committee Members, Mark Heise
Phillip West
Head of Department, David Threadgill

December 2021
Major Subject: Genetics

Copyright 2021 Kristin Mozelle Scoggin



ABSTRACT

Salmonella Typhimurium (STm) usually cause self-limiting gastroenteritis. In some
individuals, these bacteria can spread systemically and cause disseminated disease.
Rising incidence of antibiotic resistance in STm is a world-wide health concern.
Exploration of disease phenotypes that differ between individuals may offer alternative
pathways for treatment of infections that do not rely on traditional antibiotics. We
screened 32 Collaborative Cross (CC) lines for their responses to oral infection with
STm to discover new pathways involved in response to infection and host disease
outcome. Eighteen CC lines survived to day 7, while fourteen required euthanasia before
day 7. The surviving 18 lines were infected and monitored for three weeks. Five of these
lines reduced the bacterial load and were called resistant, 6 lines maintained a bacterial
load and were categorized as tolerant, and 7 lines succumbed to infection before three-
weeks and were called delayed susceptible. The tolerant lines maintained bacterial
burdens in Peyer’s patches (PP), mesenteric lymph node (MLN), spleen, and liver, while
resistant lines had significantly lower colonization in multiple tissues. Surviving mice
had lower baseline temperatures than susceptible mice at one week post-infection and
tolerant lines had lower baseline temperatures than both delayed susceptible and
resistant. Resistant lines reduced tissue damage in spleen and liver while tolerant lines
did not repair tissue damage between one and three weeks post-infection. We identified
four suggestive loci for one-week survival, and one significant and six suggestive

associations for three-week phenotypes. CC045 was particularly unusual as it survived



one-week infections with high bacterial loads and modest weight loss, unlike other lines
carrying the Slc1lal mutation. We generated an Slc1lal™ F2 population between CC045
and CCO061. F1s all survived infection as did the majority of the F2s, supporting a
dominant phenotype. The F2s were highly colonized in spleen and liver while
maintaining body weight better than CC061, the parental susceptible line. Genetic
analysis was performed on the survival data and four significant associations, and one

significant allele interaction were identified.
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CHAPTER |

INTRODUCTION

Salmonella enterica

Non-typhoidal Salmonella (NTS) are estimated to cause 93.8 million human
cases per year, resulting in 155,000 deaths worldwide (1). While NTS infection is
typically limited to the intestine and causes diarrheal disease, it can also cause more
severe disseminated disease in some individuals, depending on the Salmonella serotype
and host factors such as age, immune status, and genetics (2-5). Immunosuppressive
infections and conditions such as HIV, diabetes mellitus, and malaria make individuals
especially susceptible to severe disseminated infections that require treatment (6, 7).
Worldwide, 535,000 human cases of disseminated disease, either Salmonella bacteremia
or invasive non-typhoidal salmonellosis, occur annually and cause 77,500 deaths (4).

Salmonella enterica are Gram negative facultative intracellular bacteria that
cause a wide range of disease phenotypes such as gastroenteritis, typhoid fever,
bacteremia, and sepsis in hosts ranging from chicken to mice and humans (3, 8-10).
Typically, a host will ingest the bacteria through contaminated food or water (8, 11).
Once inside the intestinal tract, the bacteria invade epithelial cells, including the
intestinal microfold (M) cells of the Peyer’s patches (PP) (3, 11-13) (Fig. 1). From there,
the bacteria are engulfed by phagocytic cells such as macrophages. Once inside
macrophages, Salmonella modify the phagosome that they reside and replicate in into a

Salmonella containing vacuole (SCV). In invasive disease, the bacteria will migrate to



the mesenteric lymph nodes (MLN) and drain into the bloodstream where it can enter the

reticuloendothelial system and infect the spleen and liver causing disseminated disease

(3, 14) (Fig. 1).

Although
antibiotics are not
generally used to treat
patients with NTS
gastroenteritis, they are
used to treat patients
with NTS bacteremia or
invasive non-typhoidal
salmonellosis. Thus, a
concern of increasing
importance is

development of multi-

Salmonella spp.

@ 5— Macrophage
T cell @ h @ B cell

Enteric fever: dissemination
to lymph nodes, liver and spleen

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 1: Salmonella pathogenesis in invasive disease.
Salmonella pathogens are ingested through contaminated
food and travel to the intestinal lumen where they
replicate. They can transverse the intestinal barrier through
epithelia cells or M-cells in PP. Once across, they are
taken up by macrophages and can disseminate through the
lymph system and blood to distant sites such as liver and
spleen. Reprinted from Haraga, A. et al., 2008.

drug resistant strains of Salmonella that cause 212,500 human cases per year in the US

alone, with 16% of all NTS cases resistant to at least one antibiotic as of 2017 (15). In

addition, antibiotics also kill the host’s natural microbiota, a vital component to limiting

the growth of intestinal pathogens such as Salmonella (16, 17). Exploitation of

differences in host immunity may help identify new interventions that could become

better treatment alternatives to antibiotics (18-20).




Salmonella susceptibility genes in mice

Salmonella enterica serotype Typhimurium (STm) is one of the most common
serotypes of non-typhoidal Salmonella and infection in mice models severe invasive
human infections (10, 21). Some mouse strains are particularly susceptible (C57BL/6J
and BALB/cJ), while others are able to resist severe systemic disease (CBA/J, 129/SvJ,
and A/J) (10, 12, 22). Response to infection with STm in mice has historically been
categorized as either resistant or susceptible, based primarily on a mutation in the gene
Solute Carrier Family 11 Member 1 (Slcl11al) that encodes a metal cation pump in
macrophages reducing intracellular growth of bacteria (3, 23-27). This pump extrudes
divalent cations, such as iron and manganese, that are often the limiting resource for
intracellular pathogens and for enhancing pro-inflammatory immune pathways (28, 29).
There are two forms of Slc1lal: a wild type “resistant” allele and a mutated
“susceptible” allele with a glycine to aspartic amino acid substitution at position 169,
rendering the protein non-functional (29).

Natural variation in other murine genes has also played a role in survival after
STm infection, including Neutrophil Cytosolic Factor 2 (Ncf2) and Toll-like Receptor 4
(TIr4) and has also been linked to survival to STm infections in mice (27, 30-32). Ncf2
encodes a component of the Nicotinamide adenine dinucleotide phosphate (NADPH)
complex in neutrophils that generates superoxide and is vital to neutrophil’s killing
ability (27, 30). In fact, humans with defects in neutrophil function are more susceptible

to various pathogens including invasive Salmonella (25). Toll-like receptor 4 (Tlr4)
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recognizes lipopolysaccharide (LPS) and is a key component of innate immune response
activation and cytokine production (31, 32). Even more genes have been linked to poor
outcomes after STm infection including Bruton agammaglobulinemia tyrosine kinase
(Btk), needed for proper B-cell development and later phase control of STm infections,
and Lipopolysaccharide-binding protein (Lbp) and CD14 antigen (Cd14) which are
involved in innate immune response to LPS in early infection (10, 25, 33). While
mutations in these genes and others have been linked to poor survival outcomes after
STm infection, mutations in Slc11al are the most detrimental (27, 29, 32).

Many cytokines and the genes encoding them have also been linked to STm
infection outcome including TNF-a, IFN-y, IL-12, and IL-1 (10, 12, 34, 35). However,
there is a growing appreciation that response to infection is complex, and not simply
binary. Our understanding of host responses is expanding beyond the binary parameters
of susceptibility and resistance with increasing use of hosts of different genetic
backgrounds, including the diverse mouse population called The Collaborative Cross

(CC).

The Collaborative Cross
Traditional inbred strains allow for replication of experiments, but limit the
genetic diversity tested, while outbred populations capture genetic diversity but are not
replicable. The Collaborative Cross mouse reference population was created to
overcome this challenge, as a mouse population that is both diverse and allows

replication (36, 37). The CC is a diverse panel of recombinant inbred mouse lines that
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recapitulates the genetic diversity found in human populations (38-41). The
collaborative cross was generated using a funnel breeding scheme and the eight founder
strains capture 90% of all genetic diversity found in mice. While typical recombinant
inbred lines start with two parental strains, the CC has eight founder strains: five
traditional laboratory mouse strains (A/J, C57BL/6J, 129S1/SvimJ, NOD/SHiLtJ,
NZO/HIL1tJ) and three wild derived strains (CAST/EiJ, PWK/PhJ, WSB/EIJ) (42) (Fig.

2).
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Strains C57BL/6129S1 NOD NZO PWK CA
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Figure 2: Generation of the Collaborative Cross
genetic makeup of each inbred line. Each of the eight parental strains has balanced
allelic frequency in CC strains. Modified from Mathes, W. et al. 2011
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Only one of the CC founders (C57BL/6J) carries the Slc1lal mutation, three

(PWK/PhJ, CAST/EiJ, NZO/ HILtJ) carry the Ncf2 mutation, and none carry the TIr4



mutation. This diversity allows us to capture new phenotypic combinations not present
in other mouse strains and can reveal new phenotypes (37-39, 43). The CC has greater
variability across all parameters than traditional lines, including baseline immune
phenotypes such as B and T cell populations and natural killer and dendritic cells (2, 36,
44-46). This population has been used to identify novel genetic variants and new
phenotypes in mice, including infectious agents (47-50). Viral infections have been the
most heavily studied using the CC and include West Nile virus (51, 52), Influenza A
(53-55), Ebola (56, 57), Theiler’s murine encephalomyelitis virus (58), and SARS-
Corona virus (59, 60). The CC has also been used to study various bacterial pathogens
including Klebsiella pneumonaie (61), Pseudomonas aeruginosa (62), periodontal
bacterial populations (63), Mycobacterium tuberculosis (64), and most recently
Salmonella Typhimurium (65, 66). These new mouse phenotypes can model human
disease more precisely and potentially become new mouse models (50). This population
has even enabled researchers to identify unique de-novo mutations, such as a new Mx1
mutant for susceptibility to influenza infection and Itgal mutation for susceptibility to

Salmonella infections (53, 66).

Tolerance
In mammalian systems, host response to infections has been categorized as
susceptible and resistant, based on the host’s ability to clear the infection; either the host
is able to Kkill the invading pathogen and survive, or the host is unable to fight off the

infection and becomes ill (10, 67) (Fig. 3). However, a third response called tolerance
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Figure 3: Infectious disease outcomes in mice.
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severe clinical disease, tolerant mice are defined by high
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as important as pathogen load but minimal clinical disease, and resistant
mice are defined by low pathogen load and minimal
resistance (73). In clinical disease.

tolerance, the host tolerates damage done by either the pathogen or the immune system
thus preventing serious illness during infection (72-74) (Fig. 3). Minimizing tissue
damage through immune modulation or toxin neutralization are classic tolerance
mechanisms, allowing the host to maintain homeostasis in the face of high pathogen
burden (73, 75). However, tolerance can also be induced by food intake modulation and
thermoregulatory changes (76—78). Tolerance can even be promoted by commensal
intestinal organisms such as Escherichia coli (79). While tolerance helps a host survive,
it does not prevent the host from infecting other hosts, thus tolerance is not beneficial for

eradicating diseases (80).



Tolerance has been described for influenza virus in some CC lines, where these
lines had a high viral titer but also maintained their weight (81). Tolerance was also
identified when CC mice were exposed to Ebola virus, with similar high viral titer and

low weight loss (41, 56).

Aims of this study

To screen for new phenotypes suggesting new mechanisms underlying diverse
host responses to STm infections in mice, we infected CC lines and monitored infected
lines for one week. We took many measurements before and after infection including
baseline body temperature and activity, bacterial burden in various tissues, and both
uninfected and infected complete blood counts (CBC) and cytokine levels. Lines that
survived to day 7 had lower baseline temperatures but deviated from their normal pattern
of body temperature and activity similarly to susceptible lines. All parameters were line
dependent, but in general, mice were colonized in systemic organs independent of
survival time, spleen damage was most correlated to survival, and cytokines and CBC
parameters were not predictive of survival. QTLs associated with survival time showed
three significant and two suggestive associations, confirming known loci and detecting
previously unknown variants providing new candidate genes not previously associated
with STm.

Since colonization levels at one-week post-infection for surviving lines were
indistinguishable, we infected the surviving 18 lines and monitored them over three-

weeks. Tolerant lines maintained a significantly higher bacterial burden in PP, MLN,



spleen, and liver than resistant lines. Tolerant lines also lost more weight than resistant
lines despite surviving the infections. Resistant lines reduced tissue damage in spleen
and liver significantly more than tolerant lines between one- and three- weeks post-
infection. Whole blood and serum were also collected at this time, and tolerant lines had
more circulating total white blood cells, neutrophils, Interferon-gamma (IFN-gamma),
and Monocyte Chemoattractant Protein-1 (MCP-1) than resistant lines. Resistant lines
had significantly more circulating Epithelial Neutrophil-Activating Protein 78 (ENA-78)
than tolerant lines. Quantitative trait loci (QTL) analysis was also performed and one
significant association, Scql, and six suggestive association were found.

During one-week infections, one line, CC045, survived to day 7 despite carrying
the Slc1lal mutation, while maintaining high bacterial loads in spleen and liver. We
measured bacterial burden, weight change, and baseline and infected white blood cells
across the five Slc1lal CC mutants and C57BL/6J after one-week infections with STm
and found no differences. We generated an F2 population with CC045 and CC061 to
identify what makes CC045 unique. F1s survived to day 7 and lost less weight than
CCO061 but were colonized to a lower degree in spleen and liver than CC045. This
finding suggests that the genetic component supporting CC045 survival after infection
with STm is dominant. When F2s were infected, most survived to day 7 and were highly
colonized in spleen and liver. Bacterial burden in both spleen and liver were weakly
correlated with survival time. When R/qtl2 was used to analyze the survival time, 4

significant associations and one allele interaction were identified.



CHAPTER II
GENETIC BACKGROUND INFLUENCES SURVIVAL TO SALMONELLA
ENTERICA SEROVAR TYPHIMURIUM INFECTION IN THE COLLABORATIVE

CROSS

Overview

Salmonella infections typically cause self-limiting gastroenteritis, but in some
individuals these bacteria can spread systemically and cause disseminated disease.
Salmonella Typhimurium (STm) causes severe systemic disease in most inbred mice. To
screen for new infection phenotypes across a range of host genetics, we infected 32
Collaborative Cross (CC) mouse lines orally with STm and monitored their disease
progression for seven days. Eighteen CC lines survived to day 7, while fourteen
susceptible lines succumbed to infection before day 7. Our data revealed a broad range
of phenotypes across many parameters including survival, bacterial colonization, tissue
damage, complete blood counts (CBC), and cytokines in serum. Several lines showed
sex differences across several parameters. Surviving lines had lower baseline
temperatures pre-infection and were less active during their active period. Temperature
disruptions were detected earlier than activity disruptions, making temperature a better
detector of illness. All lines had STm in spleen and liver, but susceptible lines had higher
levels than surviving lines. Tissue damage was weakly negatively correlated to survival,
while CBC and cytokines were not. We identified loci associated with survival on

Chromosomes (Chr) 1, 2, 4, 7. Polymorphisms in Ncf2 and Slcl11al, known to reduce

10



survival in mice after STm infections, are located in the Chr 1 interval we identified, and
the Chr 7 association overlaps with a previously identified QTL peak called Ses2. We
identified the genetic regions on Chr 2 and 4 associated with susceptibility to STm
infection for the first time. Our data reveal the diversity of responses to STm infection
across a range of host genetics and identified new candidate regions for survival after

STm infection.

Introduction

Salmonellae are Gram negative facultative intracellular bacteria that cause self-
limiting gastroenteritis, typhoid fever, or sepsis (3, 8, 9). Non-typhoidal Salmonella
(NTS) infections are estimated to cause 93.8 million human cases per year, resulting in
155,000 deaths worldwide (1). While NTS infection is typically limited to the intestine
and causes diarrheal disease, NTS can also cause more severe disseminated disease,
depending on the Salmonella serotype and host factors such as age, immune status, and
genetics (2). Worldwide, 535,000 human cases of NTS disseminated disease, either
Salmonella bacteremia or invasive non-typhoidal salmonellosis, occur annually and
cause 77,500 deaths (4).

Although antibiotics are not generally used to treat patients with NTS
gastroenteritis, they are used to treat patients with NTS bacteremia and invasive non-
typhoidal salmonellosis. Thus, a concern of increasing importance is development of
multi-drug resistant strains of Salmonella that cause 212,500 human cases per year in the

US alone, with 16% of all NTS cases resistant to at least one antibiotic as of 2017 (15).
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Exploitation of differences in host immunity may help identify new interventions that
could become treatment alternatives to antibiotics (18-20).

Salmonella enterica serotype Typhimurium (STm) is a serotype of non-typhoidal
Salmonella that causes murine typhoid resembling severe invasive human infections.
Some mouse strains are particularly susceptible (C57BL/6J and BALB/cJ), while others
are able to resist severe systemic disease (CBA/J, 129/SvJ, and A/J) (10, 12, 22).
Previous studies have largely attributed differential susceptibility to a mutation in Solute
Carrier Family 11 Member 1 (Slc11al) encoding a metal cation pump in macrophages
that reduces intracellular growth of bacteria (3, 23-25). Natural variation in other genes
has also been shown to play a role in differential survival after STm infection, including
Neutrophil Cytosolic Factor 2 (Ncf2) and Toll-like Receptor 4 (TIr4). Ncf2 encodes a
component of the NADPH complex in neutrophils that generates superoxide and is vital
to neutrophil’s killing ability (27, 30). Toll-like receptor 4 (Tlr4) recognizes
lipopolysaccharide (LPS) and is a key component of innate immune response activation
and cytokine production (31, 32).

To identify new host genetic mechanisms that could influence differential
susceptibility to STm infections, we used the Collaborative Cross (CC) mouse genetic
reference population (37-39, 43). The CC has greater variability across all parameters
than traditional lines, including immune phenotypes, because of its genetic diversity (36,
44, 45). This population has been used to identify novel genetic variants and discover
new phenotypes in mice, such as tolerance (high pathogen load with minimal disease)

(47-49) for infectious agents including Influenza A, Ebola, Mycobacterium
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Tuberculosis, Theiler’s murine encephalomyelitis virus, SARS-Corona virus, and West
Nile virus (54-56, 58, 64, 82, 83).

To identify new mechanisms underlying diverse host responses to STm
infections in mice, we infected CC lines orally and monitored infected animals for one-
week post-infection using telemetry to track temperature and activity levels. At
necropsy, organs and blood were collected to analyze colonization, RNA levels,
histopathology, complete blood counts (CBC), and cytokine levels. Lines that survived
to day 7 had lower baseline uninfected body temperatures and were less active during
their active period pre-infection. Temperature patterns were disrupted earlier than
activity patterns, suggesting that temperature is a more sensitive measurement for illness.
All parameters were line dependent, but in general, mice were colonized in systemic
organs independent of survival time, spleen damage was most correlated to survival, and
cytokines and CBC parameters were not predictive of survival. Several lines showed sex
differences across survival, weight change, and bacterial burden, but one line, CC027,
showed stark sex-dependence across all parameters. QTLs analysis for survival time
revealed three significant and two suggestive associations, confirming known loci and
detecting previously unknown variants providing new candidate genes not previously
associated with STm. Furthermore, despite having susceptible alleles in both Slc1lal
and Ncf2 that are linked to early death from Salmonella infection, CC045 mice were able
to survive 7 days with a high bacterial load and exhibited tolerance to systemic

Salmonella infection.
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Results

Response to oral Salmonella Typhimurium infection is variable across CC lines.

Thirty-two Collaborative Cross (CC) lines were infected with S. Typhimurium
(STm) ATCC14028 and monitored for up to one week to identify variable susceptibility
to STm infection. Due to their well-characterized response to STm infection, C57BL/6J
(B6) mice, which develop systemic murine typhoid, and CBA/J (CBA) mice, which are

resistant to systemic infection, were used as infection controls. At the time of necropsy,

sections of ileum,
cecum, colon, liver, and

spleen were collected to
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strains. Bacterial burden in C. liver and D. spleen. Dots represent individual mice,
black dots represent males and grey dots represent females. Median and interquartile
range shown by lines for each line. Slc11al and Ncf2 status shown by +/-. 32 CC
lines and 2 control strains (B6 and CBA) represented.
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All B6 mice met the euthanasia criteria between day 3 and 6 post-infection with a
median at day 4 and were classified as highly susceptible (Fig. 5A). B6 mice lost a
median of 20.73% of their body weight during infection (Fig. 5B). CBA mice survived
to day 7 and were classified as resistant (Fig. 5A). CBA mice lost a median of 7.92% of
their body weight during infection (Fig. 5B). B6 mice were highly colonized in the liver
and spleen with medians of 2.56 x10° and 1.21 x107, respectively (Fig. 5C, D), while
CBA mice were colonized at least two orders of magnitude lower with medians of 5.45
x10% and 1.84 x10%, respectively (Fig. 5C, D).

Of the 32 CC lines evaluated, 14 were categorized as susceptible, as 3 or more
mice met the euthanasia criteria prior to day 7 post-infection (Fig. 5A). In general,
susceptible lines that suffered earlier mortality also had greater weight loss (Fig. 5B)
with a correlation of R = 0.67 (Fig. 6). Additionally, lines in the susceptible category had
a least 10-fold lower bacterial burden in liver than B6 control mice, with the exception
of CC013, CC027, and CC042 (Fig. 5C). CC013 and CC027 had comparable
colonization in liver to B6, and CC042 had 100-fold higher with a median colonization
of 1.02 x108 (Fig. 5C), consistent with previous reports (65, 66). In spleen, all lines had
at least a 10-fold lower bacterial burden than B6 mice, with the exception of CC042
(Fig. 5D), which were colonized 100-fold higher than B6 mice (Fig. 5D). The high
colonization of CC042 has been previously attributed to a de novo mutation in Integrin
Alpha (Itgal) (66). The susceptible lines were also colonized at least 10-fold higher than

CBA control mice, with the exception of CC032 (Fig. 5C, D). CC032 mice were
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as resistant or tolerant.

Resistance was defined

as surviving infection by preventing colonization or by clearing the bacteria. Tolerance
was defined as surviving infection while maintaining high bacterial burden. Both
resistant and tolerant lines had </= 2 mice meeting euthanasia criteria prior to day 7. Of
these 18 lines, all 6 mice lived to day 7 in 12 lines (Fig. 5A). Lines that survived longer
lost less weight than those that did not with a correlation of R = 0.71 across all lines (Fig.
4 and Fig. 5B). However, CC011 lost substantially more weight than expected for a
surviving line. All of the resistant and tolerant lines, with two exceptions (CC045 and
CCO051), were equally colonized across systemic organs, thus making the phenotypes

difficult to differentiate.
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One line — CC051 — had 100-fold lower bacterial burden than CBA in both liver
and spleen with medians of 9.30 x10* and 2.92 x10?, respectively, and it therefore meets
the criteria for resistance (Fig. 5C, D). Another line — CC045 — had a 100-fold higher
bacterial burden than CBA mice with 3.31 x10° and 4.83 x10°, respectively, making it
the strongest candidate for tolerance (Fig. 5C, D). Eight CC lines were colonized in the
liver to the same level as CBA mice, while eight additional lines were colonized in the
liver 10-fold higher than CBA mice (Fig. 5C). In spleen, one line had a 10-fold lower
bacterial burden than CBA mice, ten lines were colonized to the same level as CBA

mice, and five lines were colonized 10-fold higher (Fig. 5D).

Sex-dependent variation in susceptibility is line dependent

Sex has been shown to be an influencing factor in many phenotypes, including
response to infection, but there are many contradicting reports on which sex is better at
surviving infections (45, 84-88). Across the entire CC population tested, sex did not
significantly influence survival time (P = 0.8149), weight change post-infection (P =
0.9764), spleen CFU (P = 0.7289), or liver CFU (P = 0.5571). However, when
individual lines were examined, sex-dependent variation was evident in several lines.
CC013 and CC030 males survived longer than females and CC027 and CC042 females
survived longer than males (Fig. 7A). CC015, CC027, and CC072 females lost less
weight than males and CC057 males lost less than females (Fig 7B). CC027 was the

only line where weight loss influenced survival in a sex-dependent manner.
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CC013, CCO019, and CCO027 males were more colonized than females, while
CCO057 females were more highly colonized than males (Fig 7C, D). CC013 and CC019
had different liver colonization (Fig. 7C), while CC027 had different spleen colonization
(Fig. 7D), and CCO057 had differences in both organs (Fig. 7C, D). CC027 was the sole
line where bacterial burden influenced survival time in a sex-dependent manner. CC027
females survived to day 7, had a lower bacterial burden, and lost less weight than males.
As such, CC027 males would be classified as susceptible to STm infection, while

females would be classified as tolerant or resistant.
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Figure 7: Sex differences found in 8 CC lines.

A. Survival time and B. Percent Weight Change after infection with STm. Lines are
in ascending order of survival and weight change if survival was equal between lines.
Bacterial burden in C. liver and D. spleen. Dots represent individual mice, black dots
represent males and grey dots represent females. Median and interquartile range
shown by lines for each line. Significant sex differences shown by *.
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Surviving mice have lower baseline body temperatures and stay on circadian pattern

longer for activity levels

Implantable telemetry devices were used to track body temperature and activity
levels at one-minute intervals both before and throughout infections. Each line had
unique uninfected baseline temperature and activity profiles (Fig. 8). When lines were
grouped by survival outcome, differences between groups became apparent (Fig. 9).
Resistant/tolerant mice that survived the infection had a baseline pre-infection median
minimum temperature of 36.32 °C during their resting period compared to susceptible
non-surviving mice with a pre-infection median minimum temperature of 36.67 °C at
rest (Fig. 9A, P =<0.0001). The pre-infection median overall temperature for surviving
versus susceptible mice was 36.61 °C and 36.95 °C, respectively (Fig. 9A, P = <0.0001).
This significant difference was also found in maximum temperature reached during the
active periods with medians of 37.08 °C and 37.35 °C, for surviving versus non-
surviving mice respectively (Fig. 9A, P = 0.0025). Thus, surviving lines had a small but
significantly lower pre-infection baseline body temperature relative to susceptible lines.

Pre-infection activity measurements were analyzed by what fraction of the time
the mouse was active, with a higher fraction suggesting more activity. Before infection,
all mice had maximal activity during their active period at night. During the most active
periods for the mice, lines that did not survive STm infection spent significantly more
time active than lines that survived STm infection (0.83 versus 0.74, Fig. 9B, P =
0.0139). Considering an entire 24-hour period prior to infection, there was no

statistically significant difference in activity between susceptible and surviving lines.
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Furthermore, in pre-infection periods where mice were minimally active (day), both
susceptible lines and surviving lines were active for equal amounts of time (Fig 9B).
Thus, at pre-infection baseline, surviving lines appeared to spend more time at rest
during the normal waking period of the mouse (night).

Post-infection telemetry data was analyzed using sinusoidal math models to
pinpoint when mice deviated from their circadian pattern of body temperature and
activity after infection with STm (“off-pattern”) (89). For temperature measurements,
surviving and susceptible lines did not differ significantly for their time to circadian
pattern disruption after infection (Fig 9C, P = 0.3961). Susceptible and surviving lines
also did not differ significantly for time to off pattern for activity either (Fig 9C, P =
>0.9999). However, susceptible lines did stay on their normal activity pattern
significantly longer than they stayed on their normal temperature pattern with medians
of 1789 minutes (1.24 days) and 770.75 minutes (0.54 days) (Fig. 9C, P =0.0397).
Survived lines did not stay on either activity or temperature pattern significantly longer

(Fig 9C, P = 0.1057).
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Figure 8: Each line has a unique circadian pattern before infection.

Purple lines represent the average temperature and black lines represent the average
fraction of time the mouse is active pre-infection for 7 days. The gray area represents
+/- 2SD. A-N are susceptible lines, O-AF are survived lines, and AG-AH are control
strains.
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Figure 9: At pre-infection baseline, susceptible lines have higher body
temperatures, are more active during normal rest period, and maintain activity
patterns longer than temperature patterns than surviving lines.

Resting period, 24-hour period, and active period strain medians shown for A.
temperature and B. fraction of time active (0-1). C. Time to deviation from baseline
activity and temperature post-infection (days). Lines are grouped by survival status.
Median overall values and interquartile range are indicated. (* P <0.05, ** P <0.01,
*** P <0.001).
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Tissue damage is weakly correlated to survival time and is driven by splenic damage

Tissue sections were stained with H&E, and a board-certified pathologist scored
each tissue blindly for damage using a scale of 0 to 4 (0 = normal, 4 = severe damage,
Table Al and Fig. Al). Minimal damage was noted in the intestinal sections examined
(ileum, cecum, and colon, scores 0-1) and these were excluded from further analyses
(Fig. 10). To assess the relationship between survival and tissue damage, linear
regression was performed showing survival and combined spleen and liver pathology
scores with R?= 0.1256, while the spleen pathology score alone was 0.1323 and the liver
pathology score alone was 0.08382 (Fig. 11B, C, D, all P = <0.001).

Thus, damage to the spleen appears to be driving the small but significant
correlation between histopathology scores and survival. Organs from susceptible lines
were not necessarily more damaged than those from surviving lines, perhaps because the

mice succumbed to infection before more severe damage could occur (Fig. 11A).

Histopathology Score
N
1

CBA
CC025
cCcoz1
CcCco061
CC031
ccol1
cCcoo1
CCO15 v
CCO5T oo
CCO24 oo
COOAT - vveeeee
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CCO72d
[oTo7 1] 70 A
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CCO03 - oo
c(;051_F. T

Figure 10: Intestinal organs were minimally damaged after STm infections.
Median ileum (gray) and cecum/colon (black) histopathology scores. Scored on a

logarithmic scale of 0 to 4, with 0 being normal tissue and 4 being severely damaged
tissue.
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Figure 11: Spleen and liver damage weakly correlate with survival time.

A. Median Liver (black) and spleen (grey) histopathology scores for each line.
Scored on a logarithmic scale of 0 to 4, with 0 being normal tissue and 4 being
severely damaged tissue B. Spleen (R? = 0.1323, P = <0.0001) and C. liver (R? =
0.08382, P = <0.0001) individual linear regression of histopathology scores. D.
Linear regression of CC strains on combined spleen and liver histopathology scores
(R? =0.1256, P = <0.0001). 95% confidence interval of regression lines are shown
by dotted lines. Medians and interquartile ranges indicated.
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Complete Blood Counts and circulating cytokines/chemokines do not explain differential

host response to STm infection

Complete blood counts (CBC) were performed on pre-infection blood and on
blood collected at necropsy (Table 1 and 2). The differential counts for white blood cell
(WBC), neutrophils (NEU), monocytes (MON), lymphocytes (LY M) were analyzed. No
significant differences were observed between surviving and non-surviving lines (Fig.
12, P =0.4415, 0.2833, 0.9031, and 0.2505). The levels of 36 serum cytokines and
chemokines were also determined from serum collected at necropsy and compared to
those of uninfected control animals from each line (Table 3 and 4). Susceptibility or
survival was not significantly correlated to the cytokine profile. The profile was
influenced more by line than infection status. Highly STm susceptible CC042 mice had
high levels of almost every cytokine, suggesting that the mice were suffering a cytokine

storm (Table 4).
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Figure 12: White blood cells are not significantly different between surviving
and susceptible lines.

Line medians for difference between infected and uninfected values of complete
blood counts for A. total white blood cells, B. neutrophils, C. monocytes, and D.
lymphocytes, grouped by survival status.
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Known polymorphisms do not always predict infection outcome

A point mutation in Slc11al (previously named Nrampl, or Ity) is associated
with susceptibility to lethal systemic STm infection (3, 23, 25). B6 is the only CC
founder strain to carry this mutation, and B6 is susceptible to systemic STm infection.
Only 5 CC lines in the panel analyzed — CC021, CC031, CC042, CC045, and CC061 —
carry the Slc1lal mutation (Fig. 5). All of these lines were highly colonized in liver and
spleen, and, with the exception of one line, succumbed to infection before day 7. CC045
had a high bacterial burden but survived to day 7 post-infection. This result suggests that
CC045 has compensatory mechanisms to overcome STm susceptibility caused by the
Slc1lal mutation.

Another mutation previously linked to STm susceptibility is in Ncf2, although it
is not as detrimental to murine survival after Salmonella infection as the Slc1lal
mutation (27, 30). Three of the CC founders (PWK, CAST, NZO) carry the Ncf2
mutation, and 12 of the CC lines in the current panel — CC013, CC015, CC023, CC025,
CC030, CC032, CC036, CCO38, CCO45, CCO58, CCO72, CCO78 — also carry the Ncf2
mutation (Fig. 5). Six out of these 12 lines did not survive to day 7 post-infection
(CC013, CC023, CC025, CC030, CC032, CCO36).

TlIr4 also has a known point mutation linked to STm susceptibility, but none of
the CC founder strains carry the mutation, making it impossible to verify the effect of
this mutation on STm infection using CC mice (31, 32).

Ncf2 and Slc1lal combined explained 10 of the 14 susceptible lines, but 4 of the

lines — CC005, CC019, CC027, CC037 — are not explained by mutations in either of
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these genes, suggesting that other genetic factors contribute to their susceptibility to
STm infection. CC045, the only line to carry both mutations, is particularly unusual

since 4 out of 6 mice survived STm infections to day 7.

Genetic basis for variable response to infection with Salmonella Typhimurium.

We used gQTL analysis (90) to identify genetic regions associated with survival
after oral STm infection. Since CC042 has a de novo mutation that explains its extreme
susceptibility to STm infections, it was excluded from genetic analysis. CC045 was also
excluded, as it carries mutations in Slc11al and Ncf2, yet survives infection. Using
median survival time and percent of mice surviving to day 7 post-infection, significant
associations were detected on Chromosomes (Chr) 4, 6, and 7 and suggestive
associations on Chr 1 and 2 (Fig. 13A and C, Table 5). We called the significant
association on Chr 4 Stgql (Survival Time QTL) and the significant association on Chr 7
Stg2. The heritability of survival time was 45.55. Although the slope of survival
percentages over time did not return significant temporal QTL, suggestive associations
overlapped with those from the other survival parameters (Fig. 14). Other parameters
such as weight change, CFUs, and CBCs were also analyzed using gQTL with no
significant or suggestive associations detected, further supporting their independence
from STm infection survival.

Chr 1 has two suggestive associations that overlapped with the previously
implicated genes Slcllal and Ncf2, suggesting that these genes underlie these

associations. The significant association on Chr 6 has four annotated genes, three are
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hypothetical genes and one, Cntn3, is involved in nervous system development (Fig.
15A). However, no SNP differences were found in Cntn3 that were consistent with
founder haplotype effects. Although genes on Chr 2 and 4 have previously been shown
to be involved in STm infections, the QTL regions we identified do not overlap with the
previously detected loci. The association on Chr 7 overlaps with a previously detected
QTL region called Ses2, but the causative gene in this region remains unknown (91, 92).

Using founder effect plots (Fig. 13, 15, and 16), haplotype effects were
determined for each QTL association. Haplotypes with low effects lead to poor survival
and high effect haplotypes correspond to longer survival. For median survival time, the
association on Chr 2 had low effect haplotypes (poor survival) for PWK and CAST (Fig.
13B, Table 5). Stql (Chr 4) had low haplotype effects for WSB and NZO (Fig 13B,
Table 5). B6, NOD, and WSB had low effect haplotypes for Stg2 (Chr 7) (Fig. 15B,
Table 5). For percent of mice that survived to day 7, Chr 2 had low haplotype effects for
PWK and CAST (Fig. 16A, Table 5), Stgl (Chr 4) had low haplotype effects for B6,
WSB, and NOD (Fig. 16B, Table 5), and Stg2 (Chr 7) had low haplotypes effects for B6,
NOD, and WSB (Fig 13D, Table 5). No high haplotype effects were found in these
associations.

To narrow down the number of candidate genes for each association, SNP
differences in coding regions in the CC founder strains were identified using the Mouse
Phenome Database (The Jackson Laboratory). Ensembl Variant Effect Predictor (VEP)
was used to identify if the SNP difference had an effect at the protein level. Haplotype

effects for each locus were used to filter candidate genes that had differences in their
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sequences. For median survival time, Chr 2 had 259 genes with 13 SNP differences in

genes that matched haplotype differences (Table 6). Stql, with 23 genes, and Chr 7, with

232 genes, had no candidate genes with SNP differences. For percent survived to day 7,

the Chr 2 region had 503 genes, of these genes 51 had SNP differences matching

haplotype effects (Table 7). The Chr 4 region had 28 genes and Stg2 had 115 genes, but

neither region had SNP differences corresponding to haplotype differences.

Table 5: QTL associations for median survival time and percent survived to day 7
after STm infections.
30 CC lines were included in the run, excluding CC042 and CC045. Ran using gQTL.

day 7

QTL name [Phenotype SNP ID Chr |LOD P-value |Proximal (Mb) |Max (Mb) |Distal (Mb) |Haplotype Effects
survivaltime |CEBJAX00271542|1 [8.242557876[3.00E-06(73.965322  [152.072538[152.077538
survivaltime |[UNC4305002 |2 [7.643011274|1.03E-05/151.393943  [157.792225(158.057682|low: PWK, CAST
Stq1 survivaltime |[UNC6840265 |4 [0.42603847 [2.78E-07(16.302261  [19.511363 [19.630331 |low: WSB, NZO
survivaltime |[UNC13200247 [7  [7.242908516[2.27E-05(78.07569 79.711674 |90.041534 |low: WSB, NOD, B6
Z"’ai‘;"’i‘"’dm CEBJAX00271542[1  [6.9183030044.31E-05(73.977655  [152.072538/154.462237
Z"a;‘;"’i“dm UNC4305092 2 |6.664908806(7.08E-05/151.018857  |157.792225(166.407037 |low: PWK, CAST
Z/"a;‘;”’i"edm UNC6817353 |4 |6.915843372/4.33E-05[16.120434  [17.571082 [19.725082 |low: WSB, NOD, B6
Stg2 e survivedto |\ 1306400  [7  |0.112015614/5.29E-07(78.407671  [79.427009 [82.005976 |low: WSB, NOD, B6
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Figure 13: QTLs for 30 CC lines, excluding CC042 and CCO045.

A. QTL of median time survived after infection and B. allele effect plots zoomed in
on Chr 2 and Chr 4. C. QTL of percent of mice surviving to day 7 and D. allele effect
plots zoomed in on Chr 7. Green line is 85% significant, blue line is 90% significant.
Results obtained from gQTL.
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Figure 14: QTL of slope of survival, or how quickly each line succumbed to

infection.
QTL included 30 CC lines, excluding CC042 and CC045. Green line is 85%

significant, blue line is 90% significant. Results obtained from gQTL.
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Figure 15: Founder effects plots for QTL of median time survived.

30 CC lines included, except CC042 and CCO045. Founder effect plots for A. Chr 6
and B. 7 zoomed in on the QTL peak, genes within the region are shown as well.
Results obtained from gQTL
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30 CC lines included, except CC042 and CC045. Founder effect plots for A. Chr 2
and B. 4 zoomed in on the QTL peak, genes within the region are shown as well.

Results obtained from gQTL.
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Table 6: Median Survival Time QTL Candidate Genes.

Candidate genes from median survival QTL associations that had SNP differences
corresponding to haplotype differences. The predicted impact of the SNP difference on
the resulting protein is shown as well.

Gene Impact on protein
6430550D23Rik |moderate

Bpifb2 moderate

Fer1l4 modifier

Myh7b modifier

Nrsn2 modifier

Rbl1 modifier, moderate
Rpn2 modifier

Samhd1 moderate

Sogat moderate

Sunb modifier

Tldc2 low, modifier
Tmem74bos moderate

Tti1 moderate
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Table 7: % Survived to Day 7 QTL Candidate Genes.

Candidate genes from percent survived to day 7 QTL associations that had SNP
differences corresponding to haplotype differences. The predicted impact of the SNP
difference on the resulting protein is shown as well.

Rpn2 modifier
Gene Impact on protein

Samhd1 moderate
6430550D23Rik |moderate

Slc13a3 moderate
IArhgap40 moderate

Snhg11 moderate
Bpi modifier, moderate

Sogal moderate
Bpifb2 moderate

Spata2b moderate
Cd40 moderate

Sulf2 modifier
Dbndd?2 modifier

Sunb modifier
Dhx35 modifier

Svs2 moderate
Emilin3 moderate -

Sys1 modifier
Ferll4 modifier .

Tidc2 low, modifier
ph2 moderate Tmem74bos moderate
[ 3mbtl1 modifier Tormm34 moderate
Lbp moderate Tox2 modifier, moderate
Lpin3 moderate Trpb3rka moderate
Mt moderate Tip53tg5 modifier
Mmp9 moderate Tti1 moderate
Mybi2 moderate Wrdc15b moderate
Myh7b low, modifier Wfdc5 moderate
INrsn2 modifier Widc6b moderate
Ocstamp moderate Wfdc8 moderate
Oser1 moderate /0334 moderate
Pltp moderate Zip335 moderate
Ptprt moderate Zip663 moderate
R3hdmi moderate Zhx3 moderate
Rbl1 modifier, moderate Zmynd8 moderate

Zswim1 moderate
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Discussion

Salmonella is a serious human health concern, with rising multi-drug resistance,
that has primarily been studied in inbred mice. We used 32 genetically diverse CC lines
to capture a greater range of phenotypes than is possible with traditional inbred
laboratory mice. Our goal is to identify mechanisms behind these new phenotypes.

We identified 14 lines that did not survived to day seven post STm infection, and
thus were called “susceptible.” The remaining 18 lines survived the full study period.
The range of median CC line survivals was four to seven days, similar to that observed
in B6 and CBA mice. This similar range may be due to technical parameters of our
experiment: seven days may not be a long enough window to capture variable survival at
the higher end, and four days may be the quickest a mouse can succumb to STm using
the current infection paradigm. Weight change ranged in the CC mice from 23.08% loss
to a gain of 2.75%, while the control mice ranged from a loss of 20.73% to a loss of
7.92%. The control strains, B6 and CBA, ranged in STm colonization in spleen and liver
from 1.84 x10* to 1.21 x10” and 5.45 x10° to 2.56 x10°, respectively. The 32 CC lines
differed in their range in colonization in spleen and liver from 2.92 x10? to 7.8 x10°® and
9.3 x10* to 1.02 x108, respectively. This much wider range of colonization phenotypes
reflects the genetic diversity of the CC.

There were a few CC lines that had unique infection profiles different from those
of traditional inbred mouse lines. CC051 mice were poorly colonized relative to CBA
mice (resistant control) and gained weight, while CBA mice lost weight. This data

suggests that CC051 mice are more resistant to STm infection than previously studied
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strains. CC042 mice were significantly more highly colonized than the susceptible
control B6 mice, supporting previous studies (65, 66). CC045 mice had bacterial loads
of STm more like susceptible mice yet survived to day 7 and only lost a median of
7.44% of weight, similar to CBA mice. Unlike CBA, CC045 mice also have mutations
in both Slc1lal and Ncf2, both typically leading to worse survival outcomes to STm
infections due to an inability to control intracellular bacterial growth (23-25, 27, 30).
CCO045 is a candidate “tolerant” line, as it survives STm infection in the face of heavier
colonization. CC045 mice must have compensatory mechanisms for survival in the face
of the Slc11lal and Ncf2 mutations that would normally make it susceptible to STm
infection.

In past experiments, sex has influenced many different phenotypes from core
body temperature and circadian patterns to infection outcome (45, 84-87). Female mice
are more resistant to LPS challenge than males (45), but were more susceptible to viral
infections (86). Work in this area is contradictory, and does not have a clear consensus
on which sex is most at risk for adverse response to infection (88). We identified several
CC lines that exhibited sex differences, with CC027 having the starkest sex differences.
CC027 females survived to day 7 post-infection and males survived to day 6. CC027
females lost 3.97% of their weight compared to males that lost 19.31%. Consistent with
this data, CC027 males were considerably more heavily colonized in spleen and liver
than females: (males: 4.80 x10° and 1.63 x10°, females: 9.33 x10°and 8.87 x10%,

respectively). CC027 offers a unique opportunity to explore how sex can influence
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outcome to disease, as it was the only line to exhibit completely opposite phenotypes
between males and females.

Telemetry provides unique insight into each mouse’s minute-by-minute
temperature and activity. This minute-by-minute reading allowed us to establish each
mouse’s unique circadian rhythm and to pinpoint the exact minute that each mouse
started to develop disease, even before symptoms were otherwise detectable.
Interestingly, mice that survived infection had a lower uninfected baseline temperature
during rest periods, during active periods, and overall. Because fever is generally
thought to be disease fighting (78, 93-95), we expected mice with higher baseline
temperatures to better equipped to mount a quicker fever response. When evaluating pre-
infection baseline activity, surviving mice spent more time at rest during periods of the
day when mice were the most active than susceptible mice. The increased time at rest in
surviving lines is unlikely to be the cause of lower body temperature in these lines
because surviving lines maintained a lower body temperature even during periods when
susceptible and surviving mice spent equal time at rest (during their most restful period).
Furthermore, there was no significant difference in how rapidly surviving and
susceptible infected mice left their normal circadian pattern of activity after infection.
However, susceptible mice deviated from their temperature pattern significantly earlier
than their activity pattern, suggesting that temperature is a more sensitive measurement
to detect early disease.

Tissue damage had a small but significant correlation with survival time. Spleen

and liver exhibited severe damage across most lines. Splenic damage drove the small
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correlation suggesting that liver damage, while more severe, is better tolerated than
splenic damage. Interestingly, there were some lines that exhibited quite severe damage
in both organs yet survived (CC011, CC017, CC045, CC072, and CC078) and some
lines that did not have as severe of damage and did not survive (CC005, CC025, and
CC030). While mice are typically categorized into resistant and susceptible, this variable
damage data supports a heterogeneity in responses to infection and suggests that there is
more than one way to respond to infection. Discovery of these phenotypes highlights the
usefulness of the CC as a way to assay responses that may be influenced by genetic
diversity.

Complete blood counts and cytokine levels were also assessed in these animals
but were not significantly different in surviving versus non-surviving lines. Differences
appeared to originate from underlying line differences rather than from differential
response to STm infection, highlighting the diversity of even baseline immune
parameters in the CC.

While we are focused on the response to an oral STm infection, other studies
have examined STm colonization after intravenous injection. Intravenous injection
bypasses the intestine and host defenses present in this niche entirely. In a previous study
using STm infection in the CC model, mice were infected intravenously, bypassing the
intestinal barrier (65). Although the two studies used similar total numbers of CC lines,
only 18 lines were shared between the two studies. When median colonization in liver
and spleen was compared for these lines, the oral infection route (current infection)

produced higher bacterial burdens in both organs and a wider range of colonization in
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general (liver: 10*to 10° vs 10° to 10* and spleen:10° to 107 vs 10 vs 10°, excluding
CC042) (Fig. 17). CC051 was an exception, with lower bacterial counts in the spleen
after the oral infection. This finding suggests that the intestinal barrier in CC051 is
harder for STm to transverse or that this line is better at clearing the infection prior to
sustained systemic infection. CC051 presents a potential model to explore the resistance
mechanisms in the intestinal phase of STm infections as it was the only line that
appeared to control systemic spread of STm after oral infection (8, 96). Both studies also
showed that CC042 was more heavily colonized than all other lines (65). Possible
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Figure 17: CC mice infected orally with STm are more highly
bacterial strain and variably colonized than after IV infection.

A. Liver and B. spleen colonization (median) for 18 CC lines orally
differences. In infected in this project and infected intravenously in the previous
work by Zhang, J. et al. 2018. Strains are connected by lines, and
the intravenous | red line is CCO51.

infection study, all mice were necropsied on day 4 post-infection (65), while the mice in
the current study were necropsied when they met euthanasia criteria or at day 7 post-
infection. Furthermore, the two studies used different bacterial strains: oral infections
used S. Typhimurium ATCC14028 while the IV infections used S. Typhimurium

SL1344.
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All of the collected parameters were analyzed to identify genes using gQTL (90),
but only survival time yielded significant associations. Intervals on Chr 1 corresponded
to Slc1lal and Ncf2, previously known genes that have mutations linked to poor
survival after STm infection. While these mutations are detrimental to survival after
STm infection, this was not universal for all CC lines. One line with an Slcllal
mutation (of five lines) was able to survive the entire study period as did six out of
twelve lines with Ncf2 mutations. These lines must have alternative/compensatory
mechanisms that allow them to overcome these Slc1lal and Ncf2 mutations. One line,
CCO045, had a mutation in both Slc11al and Ncf2 and was able to survive for the
duration of the experiment and was highly colonized in both spleen and liver, making it
the most interesting tolerant candidate. The genetic basis for the ability of CC045 to
survive STm infection in the face of these two mutations requires further exploration.

In addition to the intervals on Chr 1, suggestive and significant intervals on Chr
2, 4, and 7 were also identified in the gQTL analysis. The intervals on Chr 2 and 4 do
not contain any genes previously linked to STm infection, but the interval on Chr 7
overlaps with a previously discovered QTL region, Ses2 (91, 92). Genes linked to STm
susceptibility underlying Ses2 interval have not been identified. These regions were
narrowed further using the method described above into a candidate gene list.

For median survival time, the suggestive QTL interval on Chr 2 had 13 candidate
genes after considering haplotypes (Table 6). The suggestive interval on Chr 2 for
percent of mice surviving to day seven had 51 candidate genes left (Table 7). A few of

these genes are the most promising: BPI fold containing family B, member 2 (Bpifb2),
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and SAM domain and HD domain, 1 (Samhd1). Bpifb2 is a member of the lipid-transfer
protein family and is predicted to have bactericidal and permeability-increasing
properties, making it a good candidate for further investigation (97). Samhd1 is involved
in regulating interferon pathways in response to viral infections, through NF-KB (98,
99). While Samhd1l has been linked to the immune response, it has only been implicated
in viral infections, but could have a previously unknown role in bacterial immunity.
Further investigation would be needed to prove such a link.

In both median survival and percent survived to day seven QTL intervals for Chr
4 and 7, the filtering process did not yield any candidate genes with haplotype
differences. RNA expression analysis will be needed to identify candidate genes for
these intervals.

Utilizing a subset of the CC mouse population, we have identified novel
responses to STm infection as well as previously known and novel regions of the
genome associated with survival time after infection. We found that parameters, such as
CBC and cytokines, were driven more by inter-line variations than by infection status.
We also found that histology, while weakly correlated with survival was also line-
dependent as several lines were outliers. Overall, this research has identified potential

new targets for further research into the complex host response to bacterial infections.
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Materials/Methods

Bacterial strains and media

The Salmonella enterica ser. Typhimurium strain (HA420) used for this study
was derived from ATCC14028. HA420 is a fully virulent, spontaneous nalidixic acid
resistant derivative of ATCC14028 (100). Strains were routinely cultured in Luria-
Bertani (LB) broth and plates, supplemented with antibiotics when needed at 50 mg/L
nalidixic acid (Nal).

For murine infections, strains were grown aerobically at 37°C to stationary phase
in LB broth with nalidixic acid and diluted to generate an inoculum of 2-5 x10’
organisms in 100 microliters. Bacterial cultures used as inocula were serially diluted and
plated to enumerate colony forming units (CFU) and determine the exact titer.

Murine Strains

Both conventional mice (C57BL/6J and CBA/J) and collaborative cross (CC)
mice were utilized in these experiments. Most animals were bred and maintained (on
2919 chow or 4% based on strain requirements) in the Division of Comparative
Medicine at Texas A&M University. The remaining animals were obtained from UNC
Collaborative Cross Core. Our experiments utilized 32 lines of CC mice, 3 females and 3
males per line for a total of 228 mice (CC045 only had 2 females due to a surgical
complication) (Table 8). All animal experiments were conducted in accordance with the
Guide for the Care and Use of Laboratory Animals, and with the TAMU IACUC (AUP#

2018-0488 D and 2015-0315 D).
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Table 8: Number of mice used and facility of
origin for 2 control strains and 32 CC lines.

Strain Male | Female | Origin

B6 14 5 TAMU
CBA 14 2 TAMU
CCoo1 3 3 TAMU
CC002 3 3 TAMU
Ccoo3 3 3 TAMU
CC005 3 3 TAMU
CCO006 3 3 TAMU
CCo11 3 3 TAMU
CCo13 3 3 TAMU
CCO015 3 3 TAMU
Cco17 3 3 TAMU
CCO019 3 3 TAMU
CC021 3 3 UNC
CCo23 3 3 TAMU
CC024 4 3 TAMU
CC025 3 3 TAMU
Cco27 3 3 TAMU
CC030 3 3 TAMU
CC031 3 3 UNC
CC032 3 3 TAMU
CCO036 3 3 TAMU
Cco37 4 3 TAMU
CC038 3 3 TAMU
CCo41 3 3 TAMU
CCo42 3 3 TAMU
Cco43 3 3 TAMU
CC045 3 2 UNC
CCO51 3 3 TAMU
CCO053 3 3 TAMU
CC057 3 3 TAMU
CCO058 3 3 TAMU
CCo61 3 3 TAMU
CC072 3 3 TAMU
CC078 3 3 TAMU
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Placement of Telemetry Devices

5 to 9-week-old mice (C57BL/6, CBA, CC) were anesthetized with isoflurane
anesthesia. The abdomen was opened with a midline abdominal incision (up to 2 cm).
Starr life science G2 E-mitter devices were loosely sutured to the ventral abdominal
wall. The abdominal muscle layer was closed with 5-0 vicryl, and the skin layer was
closed using stainless steel wound clips (FST 9mm). Animals were given an
intraperitoneal injection of Buprenorphine (0.0001 mg/g) for pain prior to recovery from
anesthesia, and every 8 hours thereafter as necessary for pain control. After recovery
from anesthesia, implanted mice were group-housed and monitored twice daily for pain
and wound closure for 7 days post-surgery, when the clips were removed. Any animals
found to have serious complications after surgery were humanely euthanized.

Infection with Salmonella Typhimurium

After 4-7 days of acclimation in the BSL-2 facility, 8 to 12-week-old implanted
mice were weighed and infected by gavage with a dose of 2-5 x 10" CFU of S.
Typhimurium HA420 in 100 microliters of LB broth. Infected mice were monitored
twice daily for signs of disease and activity by visual inspection. When telemetry and
health condition data suggested the development of clinical disease from infection, mice
were humanely euthanized. Animals that remained clinically healthy throughout the
duration of the experiment were humanely euthanized at 7 days post-infection.

Bacterial load determination

Mice were humanely euthanized, and the spleen, liver, ileum, cecum, and colon

were collected. A third of each organ was collected in 3 mL of ice-cold PBS, weighed,
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homogenized, serially diluted in PBS, and plated on Nal plates for enumeration of S.
Typhimurium in each organ. Data are expressed as CFU/g of tissue.

Telemetry Monitoring

Prior to placing implanted mice on telemetry platforms, mice were moved into
individual cages and provided with a cardboard hut and bedding material. Individual
cages containing implanted, uninfected mice were placed onto ER4000 receiver
platforms, and the collection of body temperature (once per minute), and gross motor
activity (continuous measurement summed each minute) data was initiated. Body
temperature and gross motor activity data was collected for 4-7 days from uninfected
mice. Mice were removed briefly from the receiver platforms for infection and then were
placed back on the platforms and data collection by telemetry was resumed. Infected
animals were continuously monitored by telemetry in additional to twice daily visual
monitoring.

Identification of deviation from circadian pattern of body temperature

Additional clinical information, such as the time of inoculation relative to the
start of the experiment (denoted T), was reported and used in centering time series for
comparison between mice (typically, seven days after the beginning of monitoring).
Quantitative detection of deviation from the baseline “off-pattern,” using temperature
data was calculated on an individual basis. A temperature time series was filtered, a
definition of healthy variation was defined, then the time of first “off-pattern” was

calculated using that definition on post-inoculation data.
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Each mouse time series was preprocessed using a moving median filter with a
one-day window. For a specific minute t, the median collection of temperature values
from [t-720, t+720] was used in calculating a median for the value t. After this
processing, healthy variation was defined as any temperature falling within the range of
minimum to maximum values during the pre-inoculation phase [T-5760,T] (5760
minutes=4 days. This choice allowed for enough data to account for natural inter-day
variation due to potential factors such as inter-line variation, epigenetic differences, and
sex differences, while avoiding bias due to observed acclimation time after transfer to a
new facility in some mice in the first few days of observation (Fig. A2 A).

Identifying post-inoculation off-pattern behavior was done by identifying
temperature values that fall outside the interval of healthy variation. The post-
inoculation interval ranges from [T+60,T+10080] (7 days), where the one hour gap was
used to avoid false positive detection due to the physical disturbance associated with
inoculation (Fig. A2 A).

Detection of deviation from circadian pattern of activity

While activity data does exhibit circadian patterns, this data necessitated a
different approach to preprocessing because activity values are inherently non-negative
and have a modal value of zero. Hence, we approached the analysis of activity data from
the perspective of determining the parameters of a stochastic process. For a time interval
t, we worked from the assumption that the number of activity values observed to be i
obeys the following distribution:

In(p(A(t) =i)) = a+Bi
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where the coefficient 3, expected to be negative, corresponds to the modeling
assumption that the relative drop in observed activity counts ought to decay (note
0<e”B<1 if B is negative). For instance, if the value of f=-0.693, so that e ~1\/2, this
would represent an assumption that there are half as many activity values observed to be
1 (one movement per minute) than 2 (two movements per minute). In actuality, this
decay coefficient is typically seen to be f~=-0.025 to f~=-0.015, representing that observed
activity values decay by half around every 27-46 values.

This theory is implemented in practice by windowing a mouse’s activity time
series, creating a binning (empirical distribution) (i, c(i)),, the performing a log-linear
fit by transforming c(i) = ln(l + c(i)) and applying linear least-squares regression to
calculate o and B. Statistical models with simpler assumptions stemming from a
“memoryless” assumption were attempted but did not see any feasible agreement with
observed activity data ( Fig. A2 B).

Histopathology

After euthanasia, samples of liver, spleen, ileum, cecum, and colon from each
mouse were collected and fixed in 10% neutral buffered formalin at room temperature
for 24 hours and stored in 70% ethanol before embedding in paraffin, sectioning at 5 um
and staining with hematoxylin and eosin (H&E). Histologic sections of all tissues were
evaluated in a blinded manner by brightfield microscopy and scored on a scale from 0 to
4 for tissue damage by a board-certified veterinary pathologist (Table Al and Fig. Al).
The combined scores of spleen and liver from individual mice were used to calculate the

median and interquartile range for each group. Whole slide images of liver and spleen
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H&E-stained sections were captured as digital files by scanning at 40x using a
3DHistech Pannoramic SCAN II FL™ scanner (Epredia, Kalamazoo, MI). Digital files
were processed by Aiforia Hub™ (Aiforia, Cambridge, MA) software for generating the
images with 100 um scale bars.

Complete Blood Count

Whole blood was collected by cheek bleed for complete blood count (CBC) one
week prior to surgery for the pre-infection sample to determine each mouse’s baseline.
Infected terminal blood was collected at necropsy by cardiac puncture. Additional blood
was collected from uninfected control animals by cardiac puncture after euthanasia and
median values were used as the baseline for mice that were not their own pre-infection
control. All blood was collected into EDTA tubes and analyzed on an Abaxis VetScan
HM5.

Cytokine and Chemokine Analysis

Serum was stored at -80°C and thawed on ice immediately prior to cytokine
assays. Serum cytokine levels were evaluated using an Invitrogen ProcaratPlex
Cytokine/Chemokine Convenience Panel 1A 36 plex kit as per manufacturer instructions
(ThermoFisher). Briefly, magnetic beads were added to each well of the 96-well plate
and washed on the Bio-Plex Pro Wash Station. 25uL. of samples and standards were then
added to the plate along with 25ul of universal assay buffer. Plates were then shaken at
room temperature for 1 hour and washed. 25uL of detection antibody was added an
incubated for 30 minutes and washed away, followed by 50uL of SAPE for 30 minutes

and washed away. 120uL of reading buffer was added and plates were evaluated using a
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Bio-Plex 200 (BioRad). Samples and standards were run in duplicate, and samples were
diluted as needed to get 25ul of serum per duplicate. The kit screens for the following 36
cytokines and chemokines: IFN gamma; IL-12p70; IL-13; IL-1 beta; IL-2; IL-4; IL-5;
IL-6; TNF alpha; GM-CSF; IL-18; IL-10; IL-17A; IL-22; IL-23; IL-27; IL-9; GRO
alpha; IP-10; MCP-1; MCP-3; MIP-1 alpha; MIP-1 beta; MIP-2; RANTES; Eotaxin;
IFN alpha; IL-15/IL-15R; IL-28; IL-31; IL-1 alpha; IL-3; G-CSF; LIF; ENA-
78/CXCL5; M-CSF. Median values of uninfected animals for each line were used as the
baseline for that line.
QTL analysis

gQTL, an online resource designed specifically to run CC QTLs, was used to
identify putative QTLs (90). Briefly, median values of each line for various parameters
were uploaded to the website and QTLs were run using 1000 permutations with
“automatic” transformation. Automatic picks either log or square root transformations,
whichever normalizes the data best.

Transcriptomic analysis

Tissues were snap frozen in liquid nitrogen and stored in the -80°C freezer until
ribonucleic acid (RNA) sequencing could be performed. Spleens were used for host gene
expression analysis. All molecular work was performed in the Molecular Genomics Core
of the Texas A&M Institute for Genome Sciences and Society (TIGSS). The following
protocol is adapted from the Molecular Genomics Core, and TIGSS personnel aided in
data acquisition and plot generation. Spleens were homogenized in Trizol and an aliquot

taken for analysis. RNA samples were quantified with a Qubit Fluorometer (Life
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Technologies) with a broad range RNA assay and concentrations were normalized for
library preparation. RNA quality from the spleens were verified on an Agilent
TapeStation with a broad range RNA ScreenTape. Total RNA sequencing libraries were
prepared using the Illumina TruSeq Stranded MRNA-seq preparation kit. Barcoded
libraries were pooled at equimolar concentrations and sequenced on an Illumina
NovaSeq 6000 2x150 S4 flow cell. RNA-seq libraries were trimmed to remove adapter
sequences and low-quality bases using TrimGalore version 0.6.6, with Cutadapt version
3.0 and FastQC version 0.11.9. Trimmed reads were mapped with Tophat2 version 2.1.1
to the appropriate pseudogenomes from UNC. Coordinate alignments were converted to
the mm10 genome using Lapels version 1.1.1. Differential expression was conducted in
R using the DESeq2 package. The resulting gene expression values were uploaded to
Ingenuity Pathways (QIAGEN, enlo, Netherlands; www.ingenuity.com Application

Build 261899, Content Version 18030641) for biological pathway analysis.
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CHAPTER IlI
ELUCIDATING TOLERANCE MECHANISMS TO SALMONELLA TYPHIMURIUM

ACROSS LONG-TERM INFECTIONS USING THE COLLABORATIVE CROSS

Overview

Salmonella is a world-wide health concern with rising incidences of antibiotic
resistance. Better understanding of the molecular mechanisms underlying natural disease
resistance or tolerance to a given pathogen may present the opportunity to develop novel
interventions. Resistance is defined as the absence of clinical disease with low (or no)
pathogen burden, while tolerance is minimal clinical disease in the face of high pathogen
burden. We studied 18 lines of the collaborative cross mice that survive acute STm
infections while maintaining a bacterial load. We orally infected these lines and
monitored them for three weeks post-infection. 5 lines cleared STm by the end of the
experiment and were classified as resistant, while 6 lines that maintained a bacterial load
and survived to the end of the experiment and were classified as tolerant. The remaining
7 lines survived longer than 7 days but succumbed to infection before the end of the
study period and were called delayed susceptible to differentiate them from the
susceptible lines that do not survive to day 7. The tolerant lines maintained bacterial
burdens in Peyer’s patches, mesenteric lymph node, as well as in spleen and liver, while
resistant significantly reduced bacterial colonization. Tolerant lines had lower pre-
infection temperatures than both delayed susceptible and resistant lines and had

disrupted circadian patterns sooner than resistant lines. Tolerant lines also had higher
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circulating total white blood cells, driven by increased numbers of neutrophils, than
resistant lines. Tolerant lines also had higher circulating levels of IFN-gamma and MCP-
1, and lower levels of ENA-78 than resistant lines. Resistant lines had reduced tissue
damage in spleen and liver while tolerant lines had more severe tissue damage. QTLS
revealed 1 significant association and 6 suggestive associations, which require further

validation to identify underlying genes associated with tolerance.

Introduction

Salmonella enterica are Gram negative bacteria that cause a range of disease
phenotypes including gastroenteritis, sepsis, and typhoid fever in various mammalian
and avian hosts (8, 10). 93.8 million cases Non-typhoidal Salmonella (NTS) occur
world-wide every year in humans, resulting in 155,000 deaths (1). The severity of NTS
infections depends on several factors including host age, health, and genetics, as well as
Salmonella serotype causing the infection (3-5). Salmonella enterica serotype
Typhimurium (STm) causes gastroenteritis in humans and can cause serious bacteremia.
In mice, this serotype causes a fatal systemic infection in susceptible mouse strains that
models invasive infections in humans (10, 21).

Strains of inbred mice respond to STm infection differently. C57BL/6J and
BALB/cJ have mutations in Solute Carrier Family 11 Member 1 (Slc11al) and are
highly susceptible to fatal STm bacteremia (23, 25, 26). Other strains including 129SvJ,
CBAJ/J, and A/J, are wild type at the Slc11al locus and do not develop severe systemic

salmonellosis. Other genes, including Neutrophil Cytosolic Factor 2 (Ncf2), Toll-like
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Receptor 4 (TlIr4), Interferon gamma (Ifng), and Histocompatibility complex (H2)
haplotypes have also been linked to survival after STm infections in mice (10, 27, 30—
32). Our recent work with Collaborative Cross (CC) mice suggests that while these
genes influence survival after STm infection, they are not the only genes that influence
susceptibility to STm infection (1w paper). Studies using this genetically diverse
population of mice suggested that the disease outcomes after STm infection in mice are
much more complex than a binary susceptible and resistant classification (1W paper).

Host response to infections has been categorized as susceptible and resistant,
based on the host’s ability to clear the infection; either the host is able to kill the
invading pathogen and survive, or the host is unable to fight off the infection and dies
(10, 67). Beyond resistant and susceptible, a third response called tolerance has been
acknowledged in plant systems and is now being applied to other systems including
drosophila and mice (47, 49, 68-72). In tolerance, the host tolerate high pathogen burden
yet has minimal signs of infection (72-74).

Since previous STm infection studies have used primarily traditionally inbred
mouse strains, most of the genetic diversity in the mouse has not been explored. The
Collaborative Cross (CC) mouse population is a panel of recombinant inbred lines that
recapitulate the genetic diversity found in human populations (38-40, 101). The CC
founders capture 90% of the genetic diversity found in the mouse genome and represents
a wider range of phenotypes, including immune phenotypes, than traditional inbred lines

(36, 44, 45). For example, lines with high viral titers after experiment infection with
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influenza virus or Ebola virus and good health status have been identified in the CC (41,
56, 102).

To differentiate tolerance from resistance to Salmonella infections, 18 lines of
the CC that were not susceptible to acute infection were orally infected with STm for up
to three weeks. Our experiments revealed STm tolerant lines that maintained a
significantly higher bacterial burden in PP, MLN, spleen, and liver than resistant lines.
Tolerant lines also lost more weight than resistant lines despite surviving infection. Not
surprisingly, resistant lines had significantly reduced tissue damage in spleen and liver
relative to tolerant lines. Whole blood and serum were also collected at necropsy, and
tolerant lines had more circulating total white blood cells, driven by higher circulating
neutrophils, and higher serum Interferon-gamma (IFN-gamma), and Monocyte
Chemoattractant Protein-1 (MCP-1) than resistant lines. Resistant lines had significantly
more circulating Epithelial Neutrophil-Activating Protein 78 (ENA-78) than tolerant
lines. Using quantitative trait loci (QTL) analysis, one significant association, Scql, and

six suggestive associations were identified.

Results

Three-week Salmonella infections distinquish tolerant and resistant lines and reveal

another phenotype: delayed susceptibility.

Based on survival of acute STm infections (7 days), 18 CC mouse lines were
chosen to undergo a three-week infection with STm ATCC14028 to differentiate

between tolerant and resistant phenotypes. Tolerance was defined as lines that had at
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least 4/6 mice survive to day 7 during one-week infections (1W paper), at least 4/ 6 mice
survive to day 21 during three-week infections, and had a median colonization of at least
10% CFU/g in liver and 10* CFU/g in spleen (Fig. 18A-D). Resistant lines had the same
or better survival as tolerant mice but had reduced bacterial burden with a median of
<103 CFU/g in liver and <10* CFU/qg in spleen (Fig.18A-D).

Of the 18 lines analyzed, six were categorized as tolerant (CC002, CC017,
CC038, CC043, CCO72, CCO78) and five were resistant (CC015, CC024, CC051,
CCO057, CC058). The remaining seven lines did not fit into either the tolerant or resistant
category because 3/ 6 or fewer mice survived the three-week study period, despite
having at least 4/ 6 mice survive our earlier acute study. We categorized these lines as
“delayed susceptible” since they survive longer than susceptible lines.

Delayed susceptible lines had a mean survival time of at least 7 but less than 16
days (Fig. 18A). Tolerant lines had a mean survival time between 16 days and 18 days
(Fig. 18A). Four of the five resistant lines had all 6 mice survive to day 21. The
remaining resistant line, CC058, 4/6 mice survive to day 21 with a mean survival of
16.83 days (Fig. 18A). In general, both delayed susceptible and tolerant lines lost
weight, while resistant lines gained weight. Delayed susceptible lines lost between
0.93% - 15.67% of their starting weights while tolerant lines lost between 1.02% -
5.97% (Fig. 18B). Resistant lines gained between 2.05% - 8.17% of their starting weight,
excluding CC058 which lost 5.51% (Fig. 18B).

We defined tolerance and resistance by a line’s ability to control the systemic

phase of infection and focused on bacterial burden in spleen and liver. Resistant lines
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ranged in median colonization from 3.9 x10! - 7.53 x10? CFU/g in liver and 1.88 x10? -
7.48 x10° CFU/g in spleen (Fig. 18C, D). Tolerant lines ranged in median colonization
from 1.74 x10% - 2.78 x10* CFU/qg in liver and 4.5 x10* - 2.13 x10° CFU/qg in spleen (Fig.
18C, D). Delayed susceptible lines overlapped with the tolerant median colonization
ranges for both organs, ranging from 2.07 x10° - 9.44 x10* CFU/g in liver and 6.5 x10* -
7.5 x10° CFU/g in spleen (Fig. 18C, D). The overlapping ranges of tolerant and delayed
susceptible lines show that the tolerant lines are able to survive a bacterial burden that is
fatal for other CC lines. One tolerant line, CC072, had the highest colonization of all
tolerant lines in both spleen and liver, while another, CC043, was more poorly colonized
in both organs, illustrating that there is a broad spectrum of bacterial colonization that is

tolerated across host genetics.
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Figure 18: Delayed susceptible, tolerant, and resistant lines show distinct

responses to STm infections.

A. Survival time and B. percent weight change after infection with STm. Lines are
shown in ascending order of survival and weight change if survival was equal
between lines. Mean and standard deviation are shown. C. Liver and D. Spleen CFU
per gram of organ at time of necropsy. Median and interquartile range shown. Dots
represent individual mice and black dots represent males and grey dots represent
females.18 CC lines are represented. (DS = delayed susceptible, T = tolerant, R =

resistant).
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Tolerant lines maintain a higher bacterial load than resistant lines in Peyer’s Patches and

mesenteric lymph nodes.

While the focus for defining tolerance was on spleen and liver, ileum, cecum,
colon, MLN, and PP were also examined for bacterial load after STm infection.

Bacterial burden in ileum, cecum, and colon was not significantly different between

tolerant or
resistant lines at A. 1o .
o 1084
one- or three- S5 . .
t 106 H LITY y y
£ .® :.o. $e
weeks post- 3 1044 ;E_ v i3
= 'Y | . o — bt
1024 . ¢ 2o0 .
infection (Fig. 19, 100
TiW T 3w R W R 3W
P =0.5600, B. 1ot
>0.9999, and S 1% . o .
©  10°4 * . . LR :.‘.
| - AP O : T
>0.9999). Tolerant § 11 efme S 1_:::3&-_!_ —ii
102 . LAy als  pey
and resistant lines . :
_ T1W T3W RAW R 3W
were colonized c
- 1010_
.. . . o 1084 *
similarly in their = . . . .
S 10 - o .:o $
PP and MLN R iﬁ:_ SO S
© :== *la vy
. 102 ®e H (1] v's 3.8__}3 e
during one-week *
100 T 1 T 1
. . . T1W T3W R1W R 3W
infections in
previous Figure 19: lleum, cecum, and colon CFU/g are not
significantly different.
experiments (Fig. A. lleum, B. Cecum, and C. Colon CFU per gram of organ at
the time of necropsy. Each dot represents an individual mouse
20A, B, P = and medians and interquartile ranges are indicated. 11 lines
included in the graph.
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>0.9999). Resistant lines were able to reduce their PP colonization significantly between
one- and three-weeks post-infection (Figure 20A, 1.56 x10° CFU/g and 1.28 x10*
CFUl/g, P =0.0451), while colonization of the MLN in these lines remained stable.
Tolerant lines were stably colonized in PP and MLN between one- and three-weeks post-
infection (Fig. 20A, B). Finally, after three weeks of infection with STm, resistant lines
limit STm colonization of the MLN while tolerant lines do not (Fig. 20B, 3.87 x10?

CFU/g and 6.00 x10° CFU/g, P = 0.0008).
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Figure 20: CC lines resistant to STm infection have lower MLN and
PP colonization compared to tolerant strains.

A. PP and B. MLN CFU per gram of organ at the time of necropsy. Each
dot represents an individual mouse and medians and interquartile range
are indicated. 11 lines included in the graph. (* P <0.05, ** P <0.01, ***
P <0.001)
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Resistant lines had higher baseline body temperatures than tolerant lines and stayed on

circadian pattern longer.

Mice were implanted with telemetry devices that tracked temperature and
activity continuously. Baseline measurements were taken for one week pre-infection and
for up to three weeks post-infection. The median minimum, median, and median
maximum pre-infection temperatures were significantly different across resistant,
tolerant, and delayed susceptible lines. The temperature minimum corresponds to the
“rest period” of the mouse, the maximum corresponds to the “active period,” and the
median describes a 24-hour period.

Tolerant lines had a lower baseline median body temperature pre-infection than
resistant or delayed susceptible lines (Fig. 21A). This difference was apparent during the
rest period, the active period, and over a full 24-hour interval (Fig. 21A, Table 9). As
body temperature can be altered by differences in activity, activity levels were also
analyzed for the fraction of time the mouse was active throughout a 24-hour period. The
fraction of time the mouse was active for their rest period, active period, and overall 24-
hour period was no significantly different between these groups (Fig. 22A).

Time to circadian pattern disruption after infection was also determined for
temperature and activity patterns. For body temperature, resistant mice maintained their
circadian pattern the longest, with a median of 2,324.5 minutes (1.61 days) (Fig. 21B).
Delayed susceptible lines deviated from their normal pattern of body temperature
significantly earlier (835 minutes, ~13 hours) and tolerant lines deviated from their

normal circadian pattern of body temperature very quickly after STm infection (463
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minutes, 7.7 hours) (Fig. 21B, P = 0.0458). All groups maintained their circadian
patterns for a similar amount of time for activity level (Fig. 22B). When activity and
temperature time to “off-pattern” were compared for each group, both delayed
susceptible and tolerant mice had disrupted temperature circadian pattern sooner than
their activity circadian patterns, illustrating that one does not influence the other (Fig.
21C). Delayed susceptible mice got off their temperature pattern a median of 1,523.5
minutes (1.06 days) earlier than their activity pattern (Fig 21C, P = 0.0351), while
tolerant mice got off their temperature pattern a median of 1,940 minutes (1.34 days)
earlier (Fig. 21C, P =0.0031). Disrupted circadian pattern of temperature and activity
occurred approximately the same timing in resistant mice (Fig. 21C, P = >0.9999). For
delayed susceptible and tolerant mice, changes in temperature pattern signaled earlier
changes in health than changes in activity level, consistent with previous reports (1W
paper).

Table 9: Median values of temperature
for rest period, 24-hour period, and active

period.

DS Tolerant | Resistant
Rest | 3639 | 3613 | 36.445
period
24-hour | 3000 | 3640 | 36.815
period
Active | 2203 | 360 | 37.25
period
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and C. time to off pattern for activity versus temperature. Each dot represents an
individual mouse. Median and interquartile range indicated. (* P <0.05, ** P <0.01,
*** P <0.001, **** P <0.0001).
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pattern for activity. Each dot represents an individual mouse. Median and
interquartile range indicated.
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Resistant lines have reduced total white blood cell counts, driven by circulating

neutrophils counts, compared to tolerant lines at three-weeks post-infection.

Complete blood counts (CBC) were performed pre-infection and at the time of
necropsy for one- and three- week infections. The differences between the post-infection
and pre-infection CBC components were calculated to determine the response of CBC
components to STm infection (Table 10). We excluded delayed susceptible lines,
because they were euthanized at earlier time points than tolerant and resistant lines. At
three-weeks post-infection, resistant mice had significantly fewer circulating white blood
cells (WBC) at 2.61 x10%/L compared to tolerant mice who had 5.29 x10%L (Fig. 23A, P
=0.0396). The differential count suggested that circulating neutrophils (NEU) were
significantly reduced in resistant mice than tolerant mice at three-weeks post-infection
with 2.16 x10°%L of blood compared to 5.58 x10%L of blood (Fig. 23B, P = 0.0029).
Circulating monocyte (MON) and lymphocyte (LY M) numbers were similar between
resistant and tolerant mice (Fig. 23C, D, P =0.2278, >0.9999). Our findings suggest that
circulating neutrophils in tolerant mice remain elevated for the duration of the study

period.
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Table 10: Infected Complete Blood Counts taken at necropsy time minus uninfected mean for

respective line.
Includes 18 CC lines. Mean and standard deviation shown.

CCoo1 CCoo2 CC003 CCO06 CCO11 CCO15 CCco17 CCo24 CC038
CBEC Parameter Mean |SD Mean |5D Mean |SD Mean |5D Mean |5D Mean [5D Mean |5D Mean [5D Mean [5D
WEBC 109/1 5.72] 249  11.65 3.74 11.70 8.57] 2.78] 8.78] 13.77 11.91 1.68] 2.88 6.05) 7.56] 2.53) 4.21] 5.58] 4.02]
LYM 10°9/1 -3.87] 2.25) 2.32] 2.76] -0.16| 2.90] -3.42 5.60] -1.91 2.50) 0.35] 1.68 0.13] 4.49 0.52] 3.72) 0.39 1.53)
MON 10°9/1 0.62 0.22] 0.49) 0.48] 0.99 1.34 0.46] 0.73] 1.64 142 0.11 0.30 0.4 0.47  -0.01 0.30) 0.45) 0.27]
MEU 10°9/1 8.98 0.93] 3.86] 3.57 10.87 3.44 5.74] 3.75] 14.07] 9.67] 1.22] 1.03 5.5]] 3.56] 2.02] 2.44 4,74 2.54
LYM% % -67.75 8.25] -43.68 17.29] -60.66] 16.62] -42.07] 18.25 -58.29| 10.95| -21.16| 14.07] -35.27] 22.3] -15.93] 17.65| -40.88] 15.59
MON% % 4.20] 2.34  -0.17] 4.06] 3.68 5.41 2.52] 2.97] 5.49 3.97] -0.48 3.77 1.34 2.53) -0.73 2.89 3.50) 2.85)
NEU% % 63.57 749 43.83] 17.71 56.98] 12500  39.53]  16.69] 52.77] 8.60] 21.62] 12.54] 33.86| 21.57] 16.63( 20.15 37.35 17.27
RBC 10121 -2.47| 1.2]] 0.17] 1.92) -1.69 4.37 -2.73 3.14  -1.77] 2.69 -0.62]  3.81 0.18] 3.8 -1.09 1.51 -0.92 2.05)
HGE g/dl -4.68| 1.86 -0.97] 3.03] -4.14] 5.97] -4.87 5.44 -4.23 4700 -0.48 5.69 -0.43 6.30] -1.93 2.83) -2.03 2.49
HCT % -16.47| 5.96) -2.63] 10.70] -14.94f 23.25] -17.88 16.95 -15.19] 15.80] -3.60f 15.53 -1.43]  19.51  -6.74] 7.71  -7.59 7.78)
MCV fl -5.83 2.56| -3.67] 1.2]] -5.00| 5.48]  -3.50) 0.84  -7.00f 4.12)  -2.40]  4.28] -3.43 3.46|  -1.33 0.58] -2.83 4.96]
MCH pg -1.72] 0.83] -1.25 0.72) -1.74] 144  -1.12 1.55] -2.06] 0.88] 0.16| 0.96 -0.97] 142 -0.43 0.76| -0.83 1.27]
MCHC g/dl -0.23 0.9 -0.35 1.43) 0.10 147  -0.17] 2.81 -0.39 2.02] 1.44  3.86 0.04 3.300  -0.204 1.39 -0.07] 2.64
RDWs fl -3.12] 3.03) -9.52] 4.11] 3.44 3.68 -2.98 1.52] 0.47] 4.79 -9.56  5.29 -4.36] 4.87]  -3.90) 3.15) -2.48] 4.92]
RDWc % 1.25 2,38  -3.42 2.1 3.72 2.93) -0.08] 0.6 2.72) 246  -4.080 3.32 -0.80] 2.06]  -1.404 1.45) -0.07] 1.59
PLT 10°9/1 -139.33] 264.92] -53.17] 343.36{ -170.40 222.21) -64.67] 292.16{ 35.000 331.63] -25.20| 83.86] 11.86\ 307.54 -26.000 248.59] 44.00] 128.75
PCT % -0.07] 0.20) 0.05] 0.25) -0.19 0.2 -0.04 0.23] 0.05] 0.26] 0.00] 0.06 0.0 0.22] -0.02 0.16] 0.04 0.08]
MPV fl 0.60 0.87] 2.47] 4.10f -0.74] 2.9 0.98] 0.57] 0.77] 0.7 0.68 0.69 0.0 0.52] -0.07 0.38] 0.47] 0.66]
PDWs fl 3.20 1.0 2.50) 2.60) -5.50] 6.10) 2.50) 3.42) 2.84 2.28] 1.68] 0.62 -0.56] 2,77 -0.90) 1.08] 0.40) 1.18]
PDWc % 5.00| 1.05) 0.08] 7.1 -4.84] 4.39 2.48] 4.17] 4.39 3.45) 1.700 1.00 -0.66] 3.82] -1.40 1.64 0.72) 1.9

CCo41 CC043 CC045 CCO51 CCO53 CCOs7 CC058 CCo72 CC078
CBEC Parameter Mean |SD Mean |5D Mean |SD Mean |5D Mean |5D Mean [5D Mean |5D Mean |5D Mean [5D
WEBC 10"9/1 8.94 6.22) 0.52] 3.76] 12.79]  12.31 1.38] 5.80] 2.38] 2.82 2.53]  3.59 4.13 6.200 10.34 5.33 3.30) 7.00)
LYM 10°9/1 -0.91] 2.03) -0.77] 3.46] 1.66 2,78  -1.59 4.86) -2.11 3.00) 0.87] 3.36 -0.36] 6.31  -0.94 1.79 -2.63 4.45
MON 10°9/1 0.57 0.36] 0.07] 0.08] 1.75 2.07] 0.29 0.42) 0.36] 0.58] 0.14 0.18 0.23] 0.42) 0.59 0.54 0.48] 0.92)
MEU 10°9/1 9.29 4.32] 1.22) 0.73] 9.37] 12.17 2.69 2.5 4.18] 2.9 151 1.21 4.76] 2.53]  10.69 4.68] 5.45 6.21]
LYM% % -62.19]|  10.39| -30.03] 21.83] -33.24] 38.97] -21.75| 17.32] -54.50] 26.14] -17.83] 18.98| -34.19] 22.77] -54.55 7.400 -30.77] 28.09
MON% % 2.91 2.50) 1.38] 1.77] 5.90| 6.49 1.87] 2.60) 3.53) 5.56] 1.67] 3.09 1.1 3.13) 1.13) 3.3 1.67] 4.70f
NEU% % 59.29 9.91] 28.65 21.25 27.38] 33.69] 19.92] 15.79] 51.27 26.500 16.18 16.12] 33.07] 20.03] 53.37 7.09] 29.07] 23.90f
RBC 10121 -0.43 2,28  -2.10f 0.50) -1.38] 3.39 -0.60f 0.89 -2.3]] 2.87] 0.26| 2.44 1.57] 2.12) 2.1 3.7 -1.79 1.47]
HGE g/dl -2.09 3.60] -4.08 0.84] -2.74) 4.94  -1.77 1.20]  -4.30f 3.83) -0.33]  4.06] 0.86] 3.83) 2.23) 6.43) -3.83 2.20)
HCT % -6.53 9.54 -11.32| 2.58] -8.38] 17.00f -7.44) 4,18 -15.500 13.52] -2.04 12.43 3.80 10.21) 7.11 19.37] -10.43 6.52)
MCV fl -4.71] 2.14  -3.33 2.16] -2.20] 1.79 -4.00f 1.26]  -3.504 2.59 -4.33] 175 -4.00f 1.67] -4.17] 1.72]  -2.504 1.87
MCH pg -1.56] 0.89 -1.75 0.94] -0.72] 0.48  -0.38 0.48 -1.30f 0.55) -0.95]  1.20] -1.16] 1.06] -0.92 1.08] -1.204 0.64]
MCHC g/dl -0.06| 1.66) -1.77] 2.87] -0.38] 0.68] 0.53] 0.72] -0.62 1.77] 0.30 2.72 -0.13 2.65) 0.48] 2.12]  -1.07] 2.06)
RDWs fl -3.16| 1.56| -2.98 3.54] -0.30] 1.63] -3.88] 1.89 -4.32] 477 -6.37  2.81] -3.16f 5.39 -5.23 6.02 1.97] 6.15)
RDWc % 0.44 1.25) -0.05 1.47] 0.36 1.19 -0.37] 1021 -0.57 2.57]  -1.43] 0.64 0.09) 2.17]  -1.68 3.53) 1.70) 2.93)
PLT 10°9/1 -175.00] 165.11 31.17] 170.96] 57.200 208.30f 9.83] 214.28 -1.17] 240.28 48.17] #### | 318.56| 193.260 78.83] 167.03] 104.33] 327.55
PCT % -0.14] 0.1 0.03] 0.09) 0.06 0.1 0.02] 0.15) 0.00) 0.15) 0.03] 0.08 0.2 0.13] 0.06] 0.13] 0.08] 0.22)
MPV fl -0.26| 1.32) 0.13] 0.63] 0.76 0.66] 0.38] 0.44] 0.17] 0.37] 0.02] 0.52 -0.12] 0.26] 0.17] 0.59 0.28] 0.57]
PDWs fl -2.29 2.65) 0.18] 1.7 1.74 3.04 1.20) 2.09 0.32) 2,01 -1.07 2.09 -2.00f 2.0 0.60) 3.13) 0.70) 2.72)
PDWc % -3.07] 2.87]  -0.30f 2.6 2.42 4.50f 1.58] 2.94 0.37] 3.44  -1.751 3.75 -2.58] Z.Aj 0.78] 3.85) 1.08] 4.02]

74



A. 20+ °
o
°°° ®oo0 . .
— b .
2™ o g%t Lul i
8 o2 ° o o'%‘n .l
= 04---- 8%050-----. P Sy % .. S —ee
°o°o° . LI ]
. .
-10 1 I 1 1
%* ¥k
B. 20+
° ]
15+ o .
> 10 8 0330 U
=) o800 e .
S 0,0 82 oo s
W 54 8 o0 8 ot vees
= ®co0g o8 o .- o:. !';]_‘i':.
o4------ e AR 08 ........ !:. ....... H LR S8
-5 T T T T
C. 34
24 o
ég ° o
o o
— qd %
% ! aog :cﬂo :g'z H o‘
o 3s e® o
SR A L
0+--- o og ------ B~ e, o'oo----.-’-.. '{3'."--
-1 T T T T
D. 124
[ ]
o
8-
- o
éa 44 008 goo . o. ..:..
o 000 00 M .:
< 04---08 co...239080° __ . 'iE:.'. --------------
= o o :' L .
> 00000 .
o 44 oogo ©®Booo 3 Ceoe
..
-84 o o
[ ]
-12

1 1 1 1
Tolerant 1\W  Tolerant 3W Resistant 1W Resistant 3W

Figure 23: Tolerant mice have higher WBC and higher
NEU than resistant mice.

Differences between infected and uninfected for A. White
Blood cells, B. neutrophils, C. monocytes, D. lymphocytes.
Each dot represents an individual mouse and lines represent
medians and interquartile ranges. (* P <0.05, ** P <0.01).
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At three-weeks post-infection, resistant lines have reduced IFN-gamma and MCP-1

levels and increased ENA-78 levels compared to tolerant lines.

The levels of 36 cytokines/chemokines in serum from uninfected, one, and three
week infected animals were determined. The changes in circulating cytokine/chemokine
levels between uninfected animals and infected animals were calculated (Table 11).
Delayed susceptible lines were excluded from this analysis because their serum was
collected at earlier time points post-infection. Changes in the levels of only three
cytokines were significantly different between tolerant and resistant mice at three-weeks
post-infection: IFN-y, MCP-1, and ENA-78.

IFN- v is vital for controlling intracellular replication of STm. At three-weeks
post-infection, resistant lines had a median increase of 25.99 pg/ml compared to a
median increase of 200.04 pg/ml of circulating IFN- vy in tolerant lines (Fig. 24A, P =
0.0001). MCP-1 is a chemoattractant for monocytes. Over the course of infection,
resistant mice had significantly reduced circulating levels of MCP-1 from a median
increase of 123.57 pg/ml at one-week post-infection to a median increase of 9.27 pg/ml
at three-weeks post-infection (Fig. 24B, P = <0.0001). At three-weeks post-infection,
resistant mice have significantly lower levels of circulating MCP-1 in response to
infection than tolerant mice with a median increase of 9.27 pg/ml compared to a median
increase of 117.54 pg/ml (Fig. 24B, P = 0.0005). ENA-78, also known as CXCLJ5, is a
chemoattractant for neutrophils and has a greater increase at three-weeks in resistant
lines than in tolerant lines. Resistant lines had increased ENA-78 levels by a median of

37.91 pg/ml, while tolerant lines had decreased ENA-78 levels by a median of 87.90
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pg/ml (Fig. 24C, P = <0.0001). Resistant lines also significantly increased their ENA-78

levels from one-week to three-weeks post infection from - 42.11 pg/ml to 37.91 pg/mi

(Fig. 24C, P = 0.0016). | A 1coo- |
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Figure 24: Tolerant lines have more INF-y and MCP-1,
but less ENA-78 at 3 weeks post-infection than resistant
lines.

The differences between infected and uninfected levels of
A. IFN-y, B. MCP-1, C. ENA-78 in tolerant and resistant
lines. Dots represent individual mice and lines represent
medians and interquartile ranges. Outliers were removed. (*
P <0.05, ** P <0.01, *** P <0.001, **** P <0.0001).
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Table 11: 36 Infected Cytokines taken at necropsy time minus uninfected
mean for respective line.
Includes 18 CC lines. Mean and standard deviation shown.

I €C0o01 CCo02 €Coo3 CC006 ccoil CCo1s CCo17 CCo24 C€Co38
Joxtokine Mean 5D Mean ED Mean _|sD Mean_sD Mean FD Mean_[sD. Mean | Mean _|SD Mean_fsD
PA'TE{LIXJ 703.14 894.17 62.424 37654 -26.48) 82.40| 83504 79.06 66.05) 23364 -7.31 6.47] -141 % 45.90) 17.30] 46.82] 82.66} 78.48
Eotaxin -42080) 13253 199277) 312069 83601 2s508q 36491 34713 15788 oea7e 2786 27492 -s061d 20644 20524 24001 2777.71) 108923
| 90075 142515 15521 7614 65.9s| 17357 234.04 se.a6| 6540] 17509  3830q 4729 579
@-CSF Szil a16| 1242l 2085 0.00
Gro-alpha/kC 1645) 1530 7695
IFN-alpha 0.00} 0.00]
IFN-gamma 357.8 404.39
IL-1alpha 302.04] 31972
IL-1beta 5. EJ 2 E?l 20.13} 2271} 21 % 13.24 5.3 5.13] 1.3 A
IL-10 a114] 37 oj 14513 22504 8175 3997 1728 42320 3431 190257}
IL-12p70 0.54} 113 .22} 2.89) 5.08 3.1 109 asi 117 23161
IL-13 0.78 1.14 -0.24 0.12] 5.51 3.29 1.30f 2.904 0.00f 0.07] 0.86| 1.64
IL-15/1-15R 7105 6018 2722 2365 3918 1264 1734 2464 1429 ag1l 9123 205.19 9.4 13.29
IL-17A 5.55 10.02 51.04 76.§ 14.17 7.13 4.82f 5.62 1.24 - 1.77] 13.78] 24.25) 57.814 56.9
IL18 860.73 131255 441018 4993.27] 2150.03| 50921 95604 980.34 34378 47212 o57s| 14787 108356 47267 183244] 344417 aa2s08] 3057.79)
IL-2 4.66 5.9 1173} 11.04 11.61 4.77 2.28) 2.48] 0.43) 1 30] 0.00] 0.00] 1.06] 66.29] 0.004 0.0
22 4222] 3123 57220 1157.32] 2132.30| 11482 11479 3600] 2843] 623 1692 3334 6357.50 47429 a7s.07]
IL-23 24,09) 1a97.91] 109.1-3IT.13| 7351  64.97] E'EI 0.41] 4.62) 1455021 9275|8973
IL-27 5358] 2993 1261) 1582 11 Sd 1162) a0 1022) 2287 sosqf
IL-28 17640 217.13 365.26] 3.1¢4| 1714 .27] 14339 297.14
-3 20.63 1071 10.28) 759) 995 -092) 427.1 -0.65| a.41
IL-31 102.44 31.04 17.11) 31.59 5.22 5.85) 4.49] 5.3§ 70.26f 9.72f -I
= 1.10| 03 Dd 023 06
IL-5 854 -1484 14 52] -11y 6.47]
L6 154@ 12504 37014 34949 3234 6737) saoof a7sl &)
] s119] 12094 27599 20863 1877 653 32.42) 5496 1327 33.2)]
P10 12533] 12209 34284 3476 7530| 99.37] 3203 1054f 3308 4273
LiF 281 211ﬂ 0.07} 11.13) 1sﬂ -0.31)
vCP-1 a611] 7934 22774 2a61d 2ssed ssasd asso] sszd 267
MCP-3 1143 16585 143162 1764.22] 237.3: 23019 93.95| 183.24 48.05)
11-CSF 070} 053 0.12} 0.54] 0.37 Dl:l o0.24 0.04}
MIP-1alpha 1.08 0.8 5.14] 11.58 16.23 D.27I 1388 0.28)
MIP-1beta 3.28 17.16f 50.80] 94.3 5.§| 5.57] 2.97] 241'
Mip-2 2.42 1996] 1070 1301 251 s575] -8 39I ses| 43o] 387 1014
RANTES 1749 68.97) 57.3 214.04 1325 44.% 84.94 1495 21.87 493 13.54 51.37|
[NF-alpha ﬁw 120ad oes8d 17s6d 1206 15079 1887 18@ s49] 8073 sS04
CCo41 CC043 CC051 CC053 CCO57 CC058
|ICytokine Mean |SD Mean |SD Mean |SD Mean |SD Mean |SD
ENA-78(LIX) -117.75 83.31 -40.27] 62.37] -176.54 38.21 22.24 48.73] 83.23) 69.42
Eotaxin 862.1 2635.33 2101.11 3000.02] -329.78] 177.1: 530. SR
IG-CSF/CSF-3 232.39 256.29 110.89) 62.67] 85.43 109.54  91.37 65.45
|GM-CSE 12.47 1s.49 11.57 13.01 2.35) 1.13] 2.78 1.71 2.63| |
Gro-alpha/KC 41.79 64.67] -4.92| 104.09) 121.91 6.17] 21.95] 15.69 26.6i 43.70 34.75] 18.29) 7.4 J 193.1§I 121.49
IFN-alpha 0.0 0.0 0.0 2.12 5.19) 0.00} 0.0 0.00} 0.0 0.0 0.0 0.0 0.0 0.01 0.0
IFN-gamma -75.29 646.25] 52.0i 389.09] 93.70] 34.15| 163.78] 349.03] 200.63 189.15] 918.27] 476.85 785.67 1162.79)
wha 7.52 2.94 1.92 10.73) 7.30 4.64] 6.43 7.40} 7.05] 247 3.0 12.31 3.41 6.01 .24
IL-1beta 16.67 20.76] -0.84f 16.28] 10.36) 2.67| 3.99] 1.16) 2.61 12.8 11.8¢ 10.87] 7.4 19.09 15.37]
iL-10 13.31 46.19] 24.11 7.14 21.09 132.78] 325.25 27.92 68.3; 0.0 0.0 59.11 61.53 129.97] 273.39
IL-12p70 4.3§ 3.42| -1.41f -0.75| 5.14 0.10} 0.25} -0.70} 0.39 0.9. 54 0.0 0.01
IL-13 -0.57 2.79] 0.0 6.04 14.11 0.00} 0.00} 0.0 0.0 0.9: 1.2, 3.23) 7.59
IL-15/IL-15R 11.66 17.19 17.18 15.7% 9.16) 10.53 24.91 5.03 6.68 26.73) 8.56| 18.33 24.67]
IL-17A 37.67 53.11) -2.80 34.83 32.45) -0.35] 3.020 35.17 32.96| 10.24 4.1 85.5! 54.61}
3437.57] 4363.21) -284.29 4215.84) 2324.6: 353.98| 722.95| 415.63| 445.82 s##ssEs | sEsEeE 2099.13] 766.24] 600105 3122.37]
4.47 7.03) -0.19) -0.66| 5.8 1.77] 2.94 0.07 0.16} 5.74 3.82 7.99 17.87)
531.13 639.44 14.36] 450.38)  366.53] 18.87] 29.89) 495.4 434.08 157.28] 45.63] 753.57 573.86f
116.01 85.73] 4.23) 240.24| 167.4 0.24] 38.78 112.25 78.76] 52.33] 52.8: 91.38 62.0i
29.44 28.01 11.82 95.32) 195.43) 23.55 16. 1§I 15 29.47] 49.81 68.84] 21.69) 12.3d 50.21} 32.29]
362.94 Eﬁ.g 23.95 524.11) 319.12 07] _132.25| 131.05] 203.60) 272.73 2351 194.05( 212.95 133.0¢ 217.82
18.98 13.05 2.2 18.3 15.76) Z.BE 4.52 8.48] 11.06] 8.99] 7.94 7.66| 7.84] ﬁ 2.55)
40.57] 51.45| S.j 39.46| 42 .4 16.91] 18.07 14.45 25.16 3.18 10.19| 31.71 3177 61.43 92.87]
4.66 6.73) U.% 1.87] 4.77] 1.71) 1.66| 0.53] 3.3 4.44 3.0Y 2.54 1.41) 8.3 6.27]
7.2 32.38 -3.1: 43.51 6.87] 7.4 8.7 13.54 20.39) 32.9 1 6.00 5.52) 28.17| 43.50
43.59 421.3% 7.2A 43.14] 46.2 32.83 86.64 . 194.36| 120.44f 506.59] 553.67]
135.6 252.62 -0.32| 115.98] 30.0: 99.57] 121.% 113.76| 130.07] 501.73 599.14f
676.13| 1042.77] 73.19 97.67] 138.13| 130.44] 1686.44f 1773.87|
LIF 13.91 11.69 -1.95| -0.57] 16.55) 0.35 3.84 6.24 11.09f -1.62} 12.51)
6.7 66.31 101.67] 12.24 71.09] 517.51] 964.56] 614.62 21.3 2624.75)
675.13] 1384.73 -59.35| 399.59 400.71 157.03] 270.7 158.10 401.22
0.2 0.78 0.18 0.314 0.24] 0.23} 0.16 0.0
5.08 0.33] 10.74 20.31 1.92] 3.1 0.64} 0.0/
18.8 16.57] 1529 3040 63 38.27]
25.19] -0.55| 8.2 27.24 2.77) 5.8
213.34 -3.79| 97.19 208.16] 74.39 7.19 80.13) 41.53 334.93
131.45) -0.52] 94.9-9| 69.66] 107.49' 122.4]] 37.0: 323.9




Tissue damage is more severe in tolerant lines than in resistant lines.

Sections of ileum, cecum, colon, spleen, and liver were stained with H&E and

scored by a board-certified pathologist blindly using a scale of 0 to 4 (0 = normal, 4 =

severe damage, Table Al and Fig. Al). Intestinal organs had minimal damage (scores 0O-

1) and were
excluded from
further analysis
(Fig. 25A).
Spleen and
liver had a
range of
damage and
were examined
further at one
and three weeks
post-infection
in tolerant and
resistant lines

only.
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Figure 25: Histopathology scores for all organs.

A. lleum, cecum, and colon were minimally damaged while B.
spleen and liver were severely damaged. Resistant lines have less
damage in spleen and liver at three-weeks post-infection than
tolerant lines. Histopathology mean and standard deviation shown
for each group. (* P <0.05, ** P <0.01, *** P <0.001, **** P

<0.0001).

When mice were grouped by response to infection, there was no significant

difference between tolerant and resistant at one-week for either spleen or liver damage,

however at three-weeks post-infection, significant differences were apparent. Tolerant
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lines had a mean of 1.89 (+ 1.43) while resistant lines had a mean of 0.53 (£ 0.77) for
spleen (Fig. 25B, P = <0.0001). At three weeks post-infection, damage in the liver was
more pronounced in tolerant lines with a mean of 2.38 (+ 1.22) and a mean of 1.10 (£
0.87) for resistant (Fig. 25B, P = 0.0005). Liver damage decreased between one and
three weeks post-infection in resistant from a mean of 2.15 (+ 1.42) to 1.10 (x 0.87) (Fig.

25B, P = 0.011).

Significant and suggestive genetic associations were identified across various

phenotypes for three-week STm infections

All 18 CC lines that were infected for three-weeks with STm were included in a
quantitative trait association of relevant phenotypes. A significant association was
identified for spleen colonization on Chr 3 (Scql), while a suggestive association was
identified for liver colonization on Chr 13 (Fig. 26 and Table 12). Scql contains 533
genes, but there were no clear haplotype differences due to the small number of lines in
our analysis (Fig 26A, B). The association for liver colonization on Chr 13 contains 20
genes, and NZO has a high haplotype effect and B6 has a low haplotype effect (Fig 26C,
D). A haplotype effect means that having a certain haplotype at region is associated with
either a positive (high) or negative (low) effect on the phenotype. However, none of the
20 genes in this region had SNP differences across any of the founding CC strains.

To overcome the limitations of small line numbers while exploring what genes
distinguish tolerant and resistant lines, all 32 CC lines whose response to infection with

STm is known were included in a binary QTL analysis. Resistant lines (CC015, CC024,
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CCO051, CCO057, CC058) were assigned a value of one while the remaining tolerant,
delayed susceptible, and susceptible lines were assigned a value of zero. No significant
associations were identified, but three suggestive associations were identified on Chr 3,
13, and 17 (Fig. 27 and Table 12). The association on Chr 3 contains 212 genes and had
a high haplotype effect (more resistant) for NZO, 129, and WSB (Fig. 27A, B). There
were no genes with SNP differences between NZO, 129, and WSB and the remaining
CC founder strains. The association on Chr 13 contained 29 genes and had a high
haplotype effect (more resistant) for PWK and B6 (Fig. 27A, C). There were no genes
that had SNP differences that followed the haplotype effects. The association on Chr 17
contained 64 genes and had a high haplotype effect (more resistant) for PWK, NZO, and
CAST (Fig. 27A, D). Only one gene had a SNP difference that corresponded to the
haplotype effects.

Tolerance to STm infection was also examined by assigning tolerant lines
(CC002, CC017, CCO38, CC043, CCO72, CCO78) a score of one and susceptible and
delayed susceptible lines a score of zero. A total of 27 CC lines were included in this
analysis because resistant lines were excluded. No significant associations were found,
but suggestive associations were found on Chr 2 and Chr 6 (Fig. 28 and Table 12). The
association on Chr 2 contained 618 genes and NOD and NZO had a high haplotype
effect. Thus, lines that had a NOD or NZO allele at this location were more likely to be
tolerant to STm infections (Fig. 28A, B). There were no genes in the Chr 2 region that
had SNP differences corresponding to haplotype effects. The association on Chr 6 had

751 genes, but no haplotype effects were identified (Fig. 28A, C). While the experiments
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examining spleen and liver bacterial burdens did not contain enough lines to identify
significant associations, the binary categorizations did not capture enough phenotypic

diversity to be significant.

Table 12: QTLs for resistance and tolerance categorization and spleen/liver CFU
after STm infections.

18 CC lines were included in spleen and liver colonization QTL, 32 CC lines were in the
resistance QTL, and 27 CC lines were in the tolerance QTL. Ran using gQTL.

Proximal . Haplotype
QTL name | Phenotype SNPID Chr LOD P-value (Mb) Max (Mb) | Distal (Mb) Effect
! high: NZO,
Resistance | UNC5787203 | 3 | 8.440316676 | 2.07E-06 | 95.337641 | 95.941154 | 100.13873 129. WSB
Resistance |UNC22954569| 13 | 9.372510013 | 3.10E-07 | 81.534966 | 81.874475 | 83.810408 h'%'l;vﬁa’
Resistance | UNC28565037| 17 | 6.85483751 | 4.88E-05 | 86.907259 | 88.969496 | 90.806468 high: PWK,
' ’ ’ ’ ' NZO, CAST

Tolerance | JAX00511028 | 2 | 7.896238979 | 6.19E-06 | 159.046383 | 168.267076 | 181.435941 hlg?\lggD’

Tolerance |UNC12344672| 6 | 6.53383592 | 9.14E-05 | 114.366484 | 147.330979 | 147.373575

Spleen UNC5768062 | 3 | 9.643123956 | 1.78E-07 | 79.587437 | 93.367756 | 95.953161

Scq1 Colonization
Liver high: NZO,
Colonization JAX00364751 | 13| 7.279721297 | 2.11E-05 | 81.827562 | 83.661598 | 83.796286 low BE
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Figure 26: QTLs for CFU for 18 CC lines.
A. QTL of spleen CFU at three weeks post-infection and B. allele effect plots
zoomed inon Chr 3. C. QTL of liver CFU at three weeks post-infection and D. allele
effect plots zoomed in on Chr 13. Green line is 85% significant, blue line is 90%
significant, red line is 95% significant. Results obtained from gQTL.
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Figure 27: QTLs for resistances for 32 CC lines.
A. QTL of binary resistant categorization versus everything after STm infections and

allele effect plots zoomed in on B. Chr 3, C. Chr 13, and D. Chr 17. Results obtained
from gQTL.
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Figure 28: QTLs for tolerance for 27 CC lines.
A. QTL of binary tolerant categorization versus susceptible after STm infections and
allele effect plots zoomed in on B. Chr 2 and C. Chr 6. Results obtained from gQTL.
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Discussion

To differentiate host disease phenotypes more finely after STm infection and
identify potential mechanisms, we infected 18 lines of CC mice that survive acute
infection for a longer three-week infection. Bacterial burden was indistinguishable
between these lines at one-week post-infection, so differentiating tolerant and resistant
phenotypes required a longer infection period (47, 72).

We found that seven of these 18 lines that survived acute infections did not
survive the three-week infections and thus had a survival phenotype we termed “delayed
susceptible”. Six of the remaining lines fit the criteria for tolerance, because they

survived infection at a bacterial burden that caused serious systemic infection in delayed

susceptible lines.
. . A. 10104 * %k ok %
Resistant lines were ‘
= 108 * ¥
colonized in both liver % 1064 %6 !
2 1041 8838800 .galg .
and spleen, at very low 3 . g 8 -5‘33 s gessse
levels compared to their 10 ? Y . +
T1W T 3w R1W R 3W
B' 1010_
tolerant counterparts, c N
5 100~ |
- .
suggesting that they are S 106+ %& el o
clearing the infection. I, : 2*
i i 100 o b * *
When all resistant lines T1W T 3w R W R S
were grouped, they had Figure 29: Liver and spleen colonization is significantly
lower in resistant lines three-weeks post-infection.
a median of 1.26 x102 A. Liver and B. spleen CFU per gram of organ at the time
of necropsy. Each dot represents an individual mouse and
CFU/g in liver and 2.82 medians and interquartile ranges are indicated. 11 lines
included in the graph.
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x10% CFU/qg in spleen at three weeks, significantly less than tolerant lines that had a
median of 1.29 x10* CFU/g in liver and 1.13 x10° CFU/qg in spleen (Fig. 29, both P =
<0.0001).

While infection of spleen and liver are hallmarks of the systemic phase of STm
infection, STm initially passes through the intestine and reticuloendothelial (RE) system
including PP and MLN. While the bacterial load in the intestinal organs was not
significantly different between the groups, we found that PP and MLN colonization were
different. Long-term STm colonization in mice is linked to the persistence of infection in
the RE system, particularly in the MLN (103). Tolerant lines, defined by persistently
higher bacterial load, had significantly more STm in their MLN, spleen, and liver than
resistant lines, supporting a role for the RE system in long-term colonization.

Pre-infection body temperatures differ between surviving lines and susceptible
lines in acute (one week) STm infections. Surviving lines had cooler pre-infection
baseline temperature by ~ 0.3 °C across their resting period, active period, and full 24-
hour period. In our current work, tolerant lines had the lowest body temperatures across
all three time periods compared to resistant and delayed susceptible lines. Tolerant lines
also had cooler body temperatures when compared to susceptible lines from acute
infections by ~ 0.5 °C. Since tolerance is focused on minimizing damage done by both
the pathogen and the host’s own immune response, this lower baseline temperature may
be protective from damage caused by high fevers post-infection (93). Resistant mice and
delayed susceptible mice appear to be better positioned to mount a full fever response

that helps resistant mice survive but may contribute to the delayed susceptible mice
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succumbing to disease. Baseline body temperature differences are independent of
activity level.

Time to disrupted circadian patterns for body temperature were different between
resistant and tolerant lines. Resistant lines maintained body temperature circadian
patterns for > one day longer than tolerant lines, yet both groups survived equally. Thus,
tolerant lines survive despite showing disease symptoms (104). Detection of circadian
pattern disruption was also compared between temperature and activity for each
phenotypic group. Disruption of temperature patterns was a more sensitive predictor of
disease onset for tolerant and delayed susceptible lines, but not for resistant lines. Both
groups maintained activity patterns over a day longer than temperature pattern, showing
that changes in temperature patterns are more sensitive measure of illness than activity.

Immune differences were also apparent between tolerant and resistant lines.
Tolerant lines had a larger rise in white blood cell count driven by a significantly higher
increase in neutrophils than resistant lines after infection with STm. Neutrophils are part
of the innate immune system and are vital to early control of infections (25). Since
resistant lines appear to have started clearing the infection, the lower bacterial count may
decrease the need for large numbers of neutrophils, or resistant mice may have more
efficiently infiltrated tissues with neutrophils, thus lowering their circulating number.
Histopathology showed a large number of polymorphonuclear infiltrates, which include
neutrophils, in both spleen and liver, supporting this.

Cytokines are another component of the immune system that we explored. We

discovered 3 cytokines that were significantly different between tolerant and resistant
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lines. IFN-y was increased in both resistant and tolerant lines, but tolerant lines had a
much larger increase after infection. IFN-y keeps STm at a manageable level for the
host, and neutralizing IFN-y causes STm to replicate more rapidly resulting in severe
infection (103). Since tolerant lines have such a high level of IFN-y, this likely
contributes to controlling their bacterial burden and perhaps their disease symptoms.
MCP-1 was also reduced in resistant mice relative to their tolerant counterparts. Since
STm resides and replicates in monocytes, high levels of MCP-1 may not be protective
(105). High levels of MCP-1 have been linked to more severe organ damage/failure,
higher levels of septic shock, and higher mortality (106, 107). Finally, ENA-78, which
was increased in resistant mice and decreased in tolerant mice, is a neutrophil
chemoattractant (34). Tolerant lines have a significantly higher number of circulating
neutrophils than resistant lines, despite having less circulating ENA-78. Hepatocytes
secrete ENA-78 in response to bacterial invasion or tissue damage (108). Hepatocytes in
resistant lines could be attempting to recruit more neutrophils in order to clear residual
STm in the liver (108). Alternatively, tolerant lines could be manipulating their immune
response to limit neutrophil mediated tissue damage. Further experiments are required to
distinguish between these and other possibilities.

Tissue damage in spleen and liver was also reduced in resistant mice at three-
weeks post-infection relative to one week post-infection. Tolerant mice did not repair
tissue damage between one- and three-weeks post-infection. Resistant mice appeared
able to repair tissue damage by three weeks post-infection. Interestingly, tissue repair

has been linked to tolerance for other pathogens, yet we did not observe this (48, 75).
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However, tolerant mice appeared to have similar tissue damage at one week versus three
weeks post-infection, suggesting that these mice may be actively preventing worsening
tissue damage. Alternatively, tolerance to STm infections could rely more on modulating
the immune system through cytokine and WBC changes instead of tissue damage repair,
since we see changes in these parameters (71, 75).

QTL analysis was also used to examine resistance, tolerance, and spleen and
liver STm colonization. While one significant and six suggestive associations were
found, the small number of CC lines used and the lack of normal distribution of data did
not yet allow us to identify the individual genes responsible for these associations (109).
In future work, RNA seq gene expression data will be used to pinpoint candidate genes

underlying the QTL associations we have identified.

Materials/Methods

Bacterial strains and media

The Salmonella enterica ser. Typhimurium strain (HA420) used for this study
was derived from ATCC14028. HA420 is a fully virulent, spontaneous nalidixic acid
resistant derivative of ATCC14028 (100). Strains were routinely cultured in Luria-
Bertani (LB) broth and plates, supplemented with antibiotics when needed at 50 mg/L
nalidixic acid (Nal).

For murine infections, strains were grown aerobically at 37°C to stationary phase

in LB broth with nalidixic acid and diluted to generate an inoculum of 2-5x 10’
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organisms in 100 microliters. Bacterial cultures used as inoculum were serially diluted

and plated to enumerate colony forming units (CFU) to determine the exact titer.

Murine Strains

Collaborative cross (CC) mice were used in these experiments. Most animals

were bred and maintained (on 2919 chow or 4% based on strain requirements) in the

Division of Comparative Medicine at Texas
A&M University. CC045 mice were obtained
from UNC Collaborative Cross Core. Our
experiments utilized 18 lines of CC mice, 3
females and 3 males per line for a total of 112
mice (CCO045 only had 2 females due to an
experimental complication) (Table 13). All
animal experiments were conducted in
accordance with the Guide for the Care and
Use of Laboratory Animals, and with the
TAMU IACUC (AUP# 2018-0488 D and

2015-0315 D).

Placement of Telemetry Devices

Table 13: Number of mice used and

facility origin for 18 CC lines.

Strain Male | Female | Origin
CC001 3 3 TAMU
CC002 3 3 TAMU
CC003 3 3 TAMU
CC006 3 3 TAMU
CCo011 6 3 TAMU
CCO015 3 3 TAMU
CCo017 3 4 TAMU
CC024 3 3 TAMU
CC038 3 3 TAMU
CC041 4 3 TAMU
CC043 3 3 TAMU
CC045 3 2 UNC

CC051 3 3 TAMU
CC053 3 3 TAMU
CC057 3 3 TAMU
CC058 3 3 TAMU
CCO072 3 3 TAMU
CC078 3 3 TAMU

5 to 9-week-old mice (CC) were anesthetized with isoflurane anesthesia. The

abdomen was opened with a midline abdominal incision (up to 2 cm). Starr life science

G2 E-mitter devices were loosely sutured to the ventral abdominal wall. The abdominal
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muscle layer was closed with 5-0 vicryl, and the skin layer was closed using stainless
steel wound clips (FST 9mm). Animals were given an intraperitoneal injection of
Buprenorphine (0.0001 mg/g) for pain prior to recovery from anesthesia, and every 8
hours thereafter as necessary for pain control. After recovery from anesthesia, implanted
mice were group-housed and monitored twice daily for pain and wound closure for 7
days post-surgery, when the clips were removed. Any animals found to have serious
complications after surgery were humanely euthanized.

Infection with Salmonella Typhimurium

After 7 days of acclimation in the BSL-2 facility, 8 to 12-week-old implanted CC
mice were weighed and infected by gavage with a dose of 2-5 x 10’ CFU of S.
Typhimurium HA420 in 100 microliters of LB broth. Infected mice were monitored
twice daily for signs of disease and activity by visual inspection. When telemetry data
and health condition data suggested the development of clinical disease from infection,
mice were humanely euthanized. If animals remained clinically healthy throughout the
duration of the experiment, they were humanely euthanized at 21 days post-infection.

Bacterial load determination

Mice were humanely euthanized, and the spleen, liver, ileum, cecum, colon,
Peyer’s patches, and mesenteric lymph nodes were collected. A third of each organ was
collected in 3 mL of ice-cold PBS, weighed, homogenized, serially diluted in 1X PBS,
and plated on Nal plates for enumeration of S. Typhimurium in each organ. Peyer’s
patches and mesenteric lymph nodes were collected whole. Data are expressed as CFU/g

of tissue.
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Telemetry Monitoring

Prior to placing implanted mice on telemetry platforms, mice were moved into
individual cages and provided with a cardboard hut and bedding material. Individual
cages containing implanted, uninfected mice were placed onto ER4000 receiver
platforms, and the collection of body temperature (once per minute), and gross motor
activity (continuous measurement summed each minute) data was initiated. Body
temperature and gross motor activity data was collected for 7 days from uninfected mice.
Mice were removed briefly from the receiver platforms for infection and then were
placed back on the platforms and data collection was resumed. Infected animals were
continuously monitored by telemetry in addition to twice daily visual monitoring.

Identification of deviation from circadian pattern of body temperature

Additional clinical information, such as the time of inoculation relative to the
start of the experiment (denoted T), was used in centering time series for comparison
between mice (typically, seven days after the beginning of monitoring).

Quantitative detection of deviation from the baseline “off-pattern,” using temperature
data was calculated on an individual basis. A temperature time series was filtered, a
definition of healthy variation was defined, then the time of first “off-pattern” was
calculated using that definition on post-inoculation data.

Each mouse time series was pre-processed using a moving median filter with a
one-day window. For a specific minute t, the median collection of temperature values
from [t-720, t+720] was used in calculating a median for the value t. After this

processing, healthy variation was defined as any temperature falling within the range of
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minimum to maximum values during the pre-inoculation phase [T-5760,T] (5760
minutes=4 days. This choice allowed for enough data to account for natural inter-day
variation due to potential factors such as inter-line variation, epigenetic differences, and
sex differences, while avoiding bias due to observed acclimation time after transfer to a
new facility in some mice in the first few days of observation (Fig. A2 A).

Identifying post-inoculation off-pattern behavior was done by identifying
temperature values that fall outside the interval of healthy variation. The post-
inoculation interval ranges from [T+60,T+10080] (7 days), where the one-hour gap was
used to avoid false positive detection due to the physical disturbance associated with
inoculation (Fig. A2 A).

Detection of deviation from circadian pattern of activity

While activity data does exhibit circadian patterns, this data necessitated a
different approach to preprocessing because activity values are inherently non-negative
and have a modal value of zero. Hence, we approached the analysis of activity data from
the perspective of determining the parameters of a stochastic process. For a time interval
t, we worked from the assumption that the number of activity values observed to be i
obey the following distribution:

In(p(A(t) = 1)) = a+ i
where the coefficient 3, expected to be negative, corresponds to the modeling
assumption that the relative drop in observed activity counts ought to decay (note
0<e”B<1 if B is negative). For instance, if the value of f=-0.693, so that e =1\/2, this

would represent the assumption that there are half as many activity values observed to be
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1 (one movement per minute) than 2 (two movements per minute). In actuality, this
decay coefficient is typically observed as p~=-0.025 to p~-0.015, representing that
observed activity values decay by half around every 27-46 values.

This theory is implemented in practice by windowing a mouse’s activity time
series, creating a binning (empirical distribution) (i, c(i)), the performing a log-linear fit
by transforming c(i) — ln(l + c(i)) and applying linear least-squares regression to
calculate o and . Statistical models with simpler assumptions stemming from a
“memoryless” assumption were attempted but did not see any feasible agreement with
observed activity data ( Fig. A2 B).

Histopathology

After euthanasia, samples of liver, spleen, ileum, cecum, and colon from each
mouse were collected and fixed in 10% neutral buffered formalin at room temperature
for 24 hours, stored in 70% ethanol before embedding in paraffin, sectioning at 5 um,
and staining with hematoxylin and eosin (H&E). Histologic sections of all tissues were
evaluated in a blinded manner by bright field microscopy and scored on a scale from 0 to
4 for tissue damage by a board-certified veterinary pathologist (Table Al and Fig. Al).
The combined scores of spleens and liver from individual mice were used to calculate
the median and interquartile range for each group. Whole slide images of liver and
spleen H&E-stained sections were captured as digital files by scanning at 40x using a
3DHistech Pannoramic SCAN II FL™ scanner (Epredia, Kalamazoo, MI). Digital files
were processed by Aiforia Hub™ (Aiforia, Cambridge, MA) software for generating the

images with 100 um scale bars.
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Complete Blood Count

Whole blood was collected by cheek bleed for complete blood count (CBC) one
week prior to surgery for the pre-infection sample. Blood from infected animals was
collected at necropsy by cardiac puncture. Blood was collected from additional
uninfected control animals by cardiac puncture and median values were used as the
baseline for mice that did not serve as their own pre-infection control. All blood was
collected into EDTA tubes and analyzed on an Abaxis VetScan HM5.

Cytokine and Chemokine Analysis

Serum was stored at -80°C and thawed on ice immediately prior to cytokine
assays. Serum cytokine levels were evaluated using an Invitrogen ProcaratPlex
Cytokine/Chemokine Convenience Panel 1A 36 plex kit as per manufacturer instructions
(ThermoFisher). Briefly, magnetic beads were added to each well of the 96-well plate
and washed on the Bio-Plex Pro Wash Station. 25uL. of samples and standards were then
added to the plate along with 25uL of universal assay buffer. Plates were shaken at room
temperature for 1 hour and washed. 25uL of detection antibody was added an incubated
for 30 minutes and washed away, followed by 50uL of SAPE for 30 minutes and washed
away. 120uL of reading buffer was added and plates were evaluated using a Bio-Plex
200 (BioRad). Samples and standards were assayed in duplicate, and samples were
diluted as needed to get 25ul of serum per duplicate. The kit screens for the following 36
cytokines and chemokines: IFN gamma; IL-12p70; IL-13; IL-1 beta; IL-2; IL-4; IL-5;
IL-6; TNF alpha; GM-CSF; IL-18; IL-10; IL-17A; IL-22; IL-23; IL-27; IL-9; GRO
alpha; IP-10; MCP-1; MCP-3; MIP-1 alpha; MIP-1 beta; MIP-2; RANTES; Eotaxin;
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IFN alpha; IL-15/IL-15R; IL-28; IL-31; IL-1 alpha; IL-3; G-CSF; LIF; ENA-
78/CXCL5; M-CSF. Median values of uninfected animals for each line were used as the
baseline for that line.
QTL analysis

gQTL, an online resource designed specifically to identify CC QTLS, was used to
find putative QTL associations (90). Briefly, median values of each line for various
parameters were uploaded to the website and QTL analysis was performed using 1000
permutations with “automatic” transformation. Automatic transformation picks either
log or square root transformations, whichever best normalizes the data.

Transcriptomic analysis

Tissues were snap frozen in liquid nitrogen and stored in -80°C freezer until
ribonucleic acid (RNA) sequencing could be performed. Spleens were used for host gene
expression analysis. All molecular work was performed in the Molecular Genomics Core
of the Texas A&M Institute for Genome Sciences and Society (TIGSS). The following
protocol is adapted from the Molecular Genomics Core, and TIGSS personnel aided in
data acquisition and plot generation. Spleens were homogenized in Trizol and an aliquot
was taken for analysis. RNA samples were quantified with a Qubit Fluorometer (Life
Technologies) with a broad range RNA assay and concentrations were normalized for
library preparation. RNA quality from the spleens was verified on an Agilent
TapeStation with a broad range RNA ScreenTape. Total RNA sequencing libraries were
prepared using the Illumina TruSeq Stranded mRNA-seq preparation Kit. Barcoded

libraries were pooled at equimolar concentrations and sequenced on an Illumina
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NovaSeq 6000 2x150 S4 flow cell. RNA-seq libraries were trimmed to remove adapter
sequences and low-quality bases using TrimGalore version 0.6.6, with Cutadapt version
3.0 and FastQC version 0.11.9. Trimmed reads were mapped with Tophat2 version 2.1.1
to the appropriate pseudogenomes from UNC. Coordinate alignments were converted to
the mm10 genome using Lapels version 1.1.1. Differential expression was conducted in
R using the DESeqg2 package. The resulting gene expression values were uploaded to
Ingenuity Pathways (QIAGEN, enlo, Netherlands; www.ingenuity.com Application

Build 261899, Content Version 18030641) for biological pathway analysis.
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CHAPTER IV
CC045 SURVIVES SALMONELLA TYPHIMURIUM INFECTION DESPITE

CARRYING THE SUSCEPTIBLE MUTATION IN SLC11A1

Overview

Susceptibility to deadly Salmonella Typhimurium (STm) infections has been
linked to numerous genes in mice. A mutation in one gene, Slcl1lal renders mice unable
to survive STm infection. However, a Collaborative Cross line, CC045, survives 7 days
post-infection despite carrying this Slc11al mutation. To determine how this line
survives STm infections, we generated an F2 population with another CC line that
carries the Slc1lal mutation (CC061) and is susceptible to deadly STm infection.
CC061xCC045 F1 mice were infected with STm to determine if the survival phenotype
was dominant or recessive. The F1s all survived STm infection, suggesting a dominant
mode of inheritance. A majority of the F2s survived infection as well, supporting the
hypothesis that the survival phenotype is linked to a dominant allele. The F2s also
maintained a high bacterial burden in spleen and liver while maintaining their body
weight better than CC061, the parental line. Tail snips were genotyped on miniMUGA
and R/qtl2 was used to find QTLs using the survival data. Since weight change was a
criterion for euthanasia, it was analyzed as a covariate. Four significant associations
were found on Chromosomes (Chr) 8, 12, 15, and 19 and a significant allele interaction

was identified between Chr 12 and 15.
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Introduction

Salmonellae are a group of foodborne pathogens that cause limited to severe
disease, depending on the serotype (3, 8, 12). The serotypes are primarily split into
typhoidal serotypes that cause typhoid fever and nontyphoidal serotypes that cause either
self-limiting gastroenteritis or bacteremia (5, 25). Non-typhoidal serotypes, such as
Typhimurium, cause an estimated 93.8 million cases world-wide per year with 155,000
deaths (1, 110). The severity of disease is influenced by several factors including host
genetics, health status, co-infections, age, and infecting serotype (2, 4).

Salmonella enterica serotype Typhimurium (STm) causes murine typhoid that
models human bacteremia. Some inbred mouse strains survive this systemic infection,
while others do not, primarily based on mutations in a single gene: Solute Carrier Family
11 Member 1 (Slc11al, formerly known as natural resistance associated macrophage
protein 1 (Nrampl)) (20, 111). Mutations in other genes, including neutrophil cytosolic
factor 2 (Ncf2) and toll-like receptor 4 (Tlr4), have also been linked to poor survival
outcomes to STm infections, but the Slc11al mutation is the most detrimental to survival
(27, 32). Slc1lal encodes a metal ion transporter expressed on the surface of
macrophages phagosomes. This molecule pumps divalent ions including iron and
manganese out of the phagosome, limiting intracellular growth (28). There are two
known alleles: the wild type form (Slc11al"), conferring resistance to systemic STm
infection, and a mutant form (Slc11al®) characterized by a single SNP change that

results in a aspartic acid replacing glycine at amino acid position 169 that renders the
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protein non-functional, conferring susceptibility to systemic infection with STm (29,
103, 112).

While Slcllal genotype predicts survival after STm infection in traditional
inbred mouse strains, we discovered that the CC045 collaborative cross (CC) mouse line
survives actue STm infection despite having this mutation (1W paper). The CC are a
panel of recombinant inbred lines whose founders capture 90% of genetic diversity in
the mouse and recapitulate the diversity found in a human population (37, 40). Of the
eight founder strains used to generate this population, only one strain (C57BL/6J) carries
the Slc11al mutation and only five CC lines (CC021, CC031, CC042, CC045, CC061)
carry this mutation. One of these lines, CC042, is especially susceptible to STm
infection due to an additional de novo mutation in the Itgal gene that results in extremely
high bacterial burden in spleen and liver (65, 66).

CCO045 mice survive to day 7 post STm infection with similar bacterial burden in
spleen and liver compared to other Slc1lal mutant mice, while the other Slc1lal mutant
mice did not (1w paper). To further understand this phenotype, we characterized
bacterial burden, weight change, and baseline and infected white blood cell counts
across all five Slc11al CC mutant lines and C57BL/6J mice in one-week infections with
STm. We generated a F1 and F2 populations from a cross of CC061 with CC045
(Slc11al® but susceptible) to identify genes that reduce susceptibility to STm infection
in CCO045. F1 offspring survived to day 7 post-infection, lost less weight than CC061,
but were colonized to a lower degree in spleen and liver than CC045. These findings

suggests that the genetic component responsible for CC045 survival after STm is
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dominant. When F2s were infected, we found that most survived day 7 but those
surviving mice were more poorly colonized in spleen and liver. Bacterial burden in
spleen and liver were weakly correlated with survival time. When R/qtl2 was used to
analyze the survival time, associations were identified on Chr 8, 12, 15, and 19. Several
promising candidate genes were found in these regions that require further investigation

to determine their validity.

Results

CC045 survives longer and maintains body weight better than other CC lines carrying

the Slc11al mutant allele, despite having similar bacterial burden in spleen and liver.

C57BL/6 (B6) and 5 CC lines (CC021, CC031, CC042, CC045, CC061) carry
the Slc1lal mutant allele. These lines were infected with S. Typhimurium (STm)
ATCC14028 and monitored over one-week post-infection. B6 survived a median of 4
days, CC021 a median of 4 days, CC031 a median of 5 days, CC042 a median of 5 days,
CCO061 a median of 4.5 days (Fig. 30A). CC045 was the only line to carry the mutant
allele that survived the whole experiment with a median survival of 7 days (Fig. 30A).

Percent weight change during STm infection was also determined. While all
lines lost weight, CC045 lost significantly less than B6 and CC061. CC045 lost a median
of 7.44%, while B6 lost 20.73%, and CC061 lost 23.08% (Fig. 30B P = 0.0084 and

0.0073, respectively). While CC021, CC031, and CC042 did not lose significantly more
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than CCO045, all lost a higher
median percent (Fig. 30B,
14.70%, 19.21%, 17.08%, P
=0.5608, 0.2064, >0.9999).
Since Slcllal
mutations allow
uncontrolled intracellular
replication of STm, bacterial
burden in both spleen and
liver was enumerated. In the
spleen, B6 had a median
CFU of 1.22 x107, CC021
had 8.48 x10°, CC031 had
1.73 x10°, CC042 had 7.80
x108, CC045 had 4.83 x10°,
and CCO061 had 3.70 x10°
(Fig. 30C). For liver, B6 had
a median CFU of 2.56 x10°,
CC021 had 1.27 x10°,
CC031 had 4.64 x10%,
CC042 had 1.02 x108,

CC045 had 3.31 x10°, and
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CC061 had 4.96 x10* (Fig. 30D). CC045 was not significantly different than any of the

other CC lines for bacterial burden in spleen or liver.

Baseline complete blood counts for CC045 do not account for its longer survival time.

Complete
blood counts (CBC)
were determined on
whole blood
collected from the
submandibular vein
of uninfected mice.
We focused on total
white blood cells
(WBC) and the
differential counts for
neutrophils (NEU),
monocytes (MON),
and lymphocytes
(LYM). All CC lines
were compared to

CCO045 to identify
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Figure 31: CCO045 does not have a different baseline CBC.
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lines. Medians and interquartile ranges shown. (* P <0.05, **
P <0.01, *** P <0.001, **** P <0.0001).
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baseline differences in circulating numbers of these cell types.

Total circulating WBCs were significantly different between uninfected CC045
and CC042. CC045 mice had a median total WBC count of 4.46 x10%L, while CC042
had 7.45 x10%L versus (Fig. 31A, P = 0.0205). There were no significant differences
between CC045 and any of the other CC lines in circulating neutrophil numbers (Fig.
31B). CC045 mice had significantly fewer circulating monocytes than CC042 with a
median of 8.0 x107/L versus 3.0 x10%/L (Fig. 31C, P = 0.0121), and significantly fewer
circulating lymphocytes (a median of 4.12 x10%L versus 6.41 x10%L (Fig. 31D, P =
0.0467)). While there were baseline differences between CC045 and CC042, this did not

apply to the other Slc1lal mutant lines we tested.

Post-infection Complete Blood Counts are different between CC045 and various other

Slc11al mutants, but these differences do not explain its survival.

At the time of necropsy, whole blood was collected from a cardiac puncture and
the CBC was performed. The difference between post-infection values and pre-infection
values was calculated to see how white blood cell counts changed after STm infection.
All values were compared to CC045 values to identify significant differences.

The change in circulating WBC was significantly different between B6 and
CC042 compared to CC045. B6 increased circulating WBC by 5.3 x10%/L and CC042
reduced WBC by 3.44 x10°%/L, while CC045 increased WBC by 8.98 x10°%/L in response

to infection with STm (Fig. 32A, P =0.0116 and 0.0003). Furthermore, CC045 had a
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infection (Fig. 32C, P = 0.0034). Circulating lymphocyte numbers were significantly

different between B6, CC021, and CC042 compared to CC045 in response to infection.
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Only CCO045 increased circulating lymphocytes numbers by a median of 8.6 x108/L,
while B6, CC021, and CC042 reduced circulating lymphocytes by medians of 3.89
x10°%/L, 6.41 x10%L, and 5.14 x10%/L, respectively (Fig. 32D, P = 0.0372, 0.0067, and
0.0164). Thus, CCO045 had bigger changes in total white blood cell count, neutrophils,
monocytes, and lymphocytes than some other Slc11al® CC lines. However, these

changes were not consistent across all Slc11al® lines tested.

CC061xCC045 F1s are colonized like susceptible CC061 but have longer survival like

CC045.

Although bacterial burden in spleen and liver in both CC045 and CC061 was
similar (Fig. 30C, D and Fig. 33C, D), CC061xCC045 F1s were less colonized with
STm in spleen and liver than the CC045 parental line (Fig. 33C, D, P = 0.0061 and
0.0007). The F1s were colonized similar to the CC061s in in spleen and liver (Fig. 33C,
D, P =>0.9999 and 0.2144).

The biggest differences between the parental lines CC045 and CC061 were
survival time and weight loss during STm infection. CC045 mice survive a median of 7
days post-infection with STm and only lose a median of 7.44% of their body weight,
while CC061 survive a median of 4.5 days and lose a median of 23.08% of their body
weight (Fig. 33A, B). F1s resulting from a cross of CC061 and CC045 survived a
median of 7 days and lost only 5.42% of their body weight, which is significantly

different from CCO061 parents (P = 0.0041 and 0.0063), but not CC045 parents (P =
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>0.9999 both) (Fig. 33A, B). The F1s survive longer and maintain their body weight

similar to CC045 parents but are colonized more poorly than CC045.
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Figure 33: F2 survival, weight change, and bacterial burdens in spleen and liver.
A. Survival and B. weight change of CC045, CC061, CC045XCC061 F1 and F2. C.
Spleen and D. liver colony forming units (CFU) per gram of tissue. Medians and
interquartile ranges shown. Values of 0 are represented as 10°. (* P <0.05, ** P
<0.01, *** P <0.001, **** P <0.0001).

CC061xCC045 F2s have two distinct phenotypic groups.

When all F2s are combined, the median survival of the group is 7 days post STm
infection. However, 190 F2s survived to day 7 (surviving) and 55 succumbed before day
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7 (susceptible), representing two subgroups (Fig. 33A). When the groups are separated

by surviving and susceptible, the median survival time for the susceptible group is 5

days, significantly less than the median for surviving mice surviving mice (P =

<0.0001). The overall median weight loss for all F2s is 9.11%, but the surviving mice

lost less weight (median loss of 5.50%) than susceptible mice that have a median loss of

18.91% (Fig. 33B, P = <0.0001). Weight loss was also correlated with survival for the
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Figure 34: F2 survival, weight change, and bacterial burdens in spleen and liver

separated by sex.

A. Survival and B. weight change of CC045, CC061, CC045XCC061 F1 and F2. C.
Spleen and D. liver colony forming units (CFU) per gram of tissue. Lines detonate

the median for each CC line. VValues of 0 are represented as 10°.
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F2s (Fig. 35, R = 0.65, P = <0.0001). For both survival time and weight loss, there was

no sex difference found in any of the groups (Fig. 34A, B)

Bacterial burden
in spleen and liver are
lower in surviving F2
mice than in susceptible
mice with a median of
4.50 x10° compared to
1.62 x10° for spleen (P
=<0.0001) and a
median of 1.96 x10%and
6.00 x10*for liver (P =
0.0237) (Fig. 33C, D).
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Figure 35: Survival is strongly correlated to weight
change and weakly correlated to CFU for F2.

245 F2s included in Spearman correlation. Blue is a
positive correlation and red is a negative correlation.

maintain a high bacterial burden. Both spleen and liver colonization were weakly

negatively correlated with survival time (Fig. 35, R =-0.29, P =<0.0001, R =-0.19, P =

0.0024). For spleen and liver colonization, there was no sex difference found in any of

the groups (Fig. 34C, D).

OTL analysis revealed significant associations on Chromosome 8, 12, 15, and 19.

245 F2 mice were infected with STm, of which 190 survived to day 7. Since

weight change was highly correlated with survival time and was in fact a cutoff point, it
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was included as a covariate. Since we are interested in understanding how some mice are
able to survive such high bacterial burdens, 26 mice that did not have any bacterial
burden in the spleen or liver were excluded from the analysis. Using R/qtl2 (22),
survival time with weight as a covariate revealed significant associations on
Chromosome (Chr) 8, 12, 15, and 19 (Fig. 36). The association on Chr 12 was the most
highly significant. We named the associations in numerical order as 45Stmsq 1, 2, 3, and
4 (CC045 Salmonella Typhimurium survival QTL) (Table 14). For haplotypes, AA
corresponded to two CCO045 alleles, BB corresponded to two CC061 alleles, and H

corresponded to a heterozygous individual with one CC045 and one CC061 allele.

LOD score
M
=

1 2 3 4 5 6 7 8 g 10 11 12 13 14 15 16 17 1819 X

Chromosome

Figure 36: Survival QTL for 245 F2 mice.
Weight change was used as a covariate and analysis was run using R/qtl2. Red line is
85% significant.

45Stmsgl is on Chr 8 and contains a total of 3,247 genes and 291 protein coding
genes. The most significant SNP is at 123.946966 Mb, where the AA haplotype (CC045)
was associated with the highest survival time post-infection (Table 14 and Fig. 37A).

45Stmsqg2 is on Chr 12 and contains 531 genes, 27 of which are protein coding. The most
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significant SNP is at 43.339731 Mb, where the AB haplotype (heterozygous) was
associated with the highest survival time post-infection (Table 14 and Fig. 37B). This
data suggests that having one allele at this locus from each parent was better for survival
than having two alleles from either parent. 45Stmsg3 is on Chr 15 and contains 444
genes, and of these 22 are protein coding. The most significant SNP is at 33.531940 Mb,
with the AB (heterozygous) haplotype associated with the highest survival time post-
infection, similar to 45Stmsg2 (Table 14 and Fig. 37C). 45Stmsg4 is on Chr 19 and
contains 2,523 genes and 174 are protein coding genes. The most significant SNP is at
48.483409 Mb, where the AA (CC045) haplotype was associated with the best survival

time post-infection (Table 14 and Fig. 37D).

Table 14: Significant survival QTL associations for CC061xCC045 F2 mice.

QTL name Chr |lod Proximal (Mb) |Max (Mb) |Distal (Mb) |Haplotype Effect
455tmsq 1 8| 3.407321 95.66071| 123.947| 124.1749]high: AA (CC045)
455tmsq 2 12| 4.772857 37.490793| 43.3397| 51.84914}high: AB (CC045xCC061)
455tmsq 3 15 3.573585 26.623276| 33.5319] 33.65468|high: AB (CC045xCC061)
455tmsq 4 19| 3.357829 38.223373| 48.4834| 55.39187|high: AA (CC045)
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Figure 37: Allele effect plots for significant QTL regions.

ChrA.8,B. 12, C.

15, and D. 19. AA corresponds to CC045, BB corresponds to

CCO061, and AB corresponds to a heterozygous allele.
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Allele interactions for significant QTL SNPs.

In order to identify interactions between the significant associations found in the

survival QTL, the top SNP for each association was examined for all chromosome

combinations (8x12, 8x15, A
) Chr 8
8x19, 12x15, 12x19, and " - A8
- H8
15x19) for survival time " ‘ ! e
for each allele. Only two % " '
interactions showed *
significant differences 4 Agz e .
Chr12
between the different B. B s
- A12

haplotype groups: 8x12 - *B*z

74 -
and 12x15 (Fig. 38). 3

s 6 [ ]
Chr 8 and Chr 12 ’

5
had one significantly

T WS 8%
different interaction that Chr 15

igure 38: Allele interaction plots for top son
_ Fi 38: Allele i i lots f SNP
was AH by HB (P = significant QTL regions.
. ] Significant interactions found on Chr 8 x 12 and Chr 12
0.0382). In this case, if a x 15. A corresponds to CC045, B corresponds to
had a CCO45 allel CCO061, and H corresponds to heterozygous.

mouse had a allele

on Chr 8 and was heterozygous on Chr 12, they survived significantly longer post-
infection than a mouse that was heterozygous on Chr 8 and had a CC061 allele on Chr

12 (Fig. 38A, 6.87 vs 5.88 days). However, since all alleles are different, this appears to
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simply illustrate the haplotype association of heterozygous individuals at Chr 8 with
shorter survival time than other haplotypes.

Chr 12 and 15 had two significantly different interactions that were BA by HA
and BA by HB (Fig. 38B, P = 0.0242, 0.0370). If a mouse had a CC061 allele on Chr 12
and a CC045 allele on Chr 15, they survived a shorter time post-infection than a mouse
that was heterozygous on Chr 12 and had a CC045 allele on Chr 15 (Fig. 38B, 5.43 vs
6.79 days). It appears that having a CC045 allele on Chr 15 is modified for worse
survival time by being heterozygous on Chr 12. The next interaction identified was for a
CCo061 allele on Chr 12 and a CC045 allele on Chr 15, which survived shorter post-
infection than mice that were heterozygous on Chr 12 and had a CC061 allele on Chr 15
(Fig. 38B, 5.43 vs 6.83 days). However, since there were no commonalities in alleles

between the two groups, this may not be a true allele interaction.

Discussion

Mutation in Slc11al (Slc1l1al®) has long been linked to an inability of mice to
survive after STm infections (28). However, we recently determined that line CC045, a
member of the CC mouse reference collection of lines, survived STm infection despite
carrying an Slcllal mutation which normally confers susceptibility to STm infection. In
addition to a difference in survival time, the CC045 line lost significantly less weight
than several other Slc11al® lines studied. The goal of our work here was to resolve this
apparent paradox and identify new genetic determinants that seem to override the

Slcllal mutation.
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First, we determined whether CC045 mice were clearing the STm and thus
surviving longer. We compared spleen and liver bacterial burden of CC045 mice with
B6 mice and four other CC lines known to carry the Slc11al mutation and found that
CCO045 has similar bacterial load to these other lines. Thus, the longer survival time and
lower body weight loss of CC045 is not simply due to lower bacterial colonization.

Because white blood cells are a primary effector of innate and adaptive immunity
(44), we determined the baseline levels of circulating white blood cells in uninfected
animals. CC045 may simply be primed to survive infection better due to a higher
circulating WBC count. In uninfected mice, CC045 had comparable circulating WBC
numbers to all lines except for CC042 that actually had higher numbers, contrary to
previous reports (66). Thus, CC045 does not have a difference in baseline WBC levels,
and its survival after STm infection must be due to another mechanism.

Another potential explanation for the survival phenotype of CC045 is that they
may be able to better mobilize neutrophils, monocytes, and lymphocytes post-infection
than other CC lines tested. This did not appear to be the case as CC045 did not have a
consistently greater change in circulating WBC than other Slc11al® CC lines. CC045
had significantly higher change in circulating neutrophils after STm infection than both
CC031 and CC042, but not for the other three lines and had significantly higher change
in circulating monocytes than CC042. CC045 had significantly higher levels of
circulating lymphocytes than B6, CC021, and CC042 after STm infections. CC045 mice

do have a greater change in circulating lymphocytes than other lines, however this may
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reflect the beginning of an adaptive immune response facilitated by longer survival time
(35).

To further explore CC045 survival after STm infection in the face of the Slcllal
mutation, we generated an F2 population with a STm susceptible CC line bearing the
Slcllal mutation, CC061. We infected CC061xCC045 F1s and they survived to day 7,
lost less weight than their CC061 parent, and were less colonized in spleen and liver than
their CC045 parent. Since all F1s survived, the alleles allowing CC045 to overcome their
Slcl1lal mutation appear to be dominant. Reduced STm burden in the F1s was
unexpected but was restored in the F2s.

We infected 245 F2s with STm and monitored them for 7 days post-infection.
190 F2 mice survived to day 7, a roughly 3:1 ratio expected in a Mendelian
dominant/recessive inheritance pattern. The group of surviving F2 lost significantly less
weight than both the CC061 and the non-surviving F2s, but similar amounts to the
CCO045 and the F1s. The surviving F2s were colonized to a similar level as both parental
lines and F1s in the spleen but were colonized significantly less than CC045 in the liver.
This lower liver colonization could be due to the discrepancy in sample size between the
CCO045 and F2s. The surviving F2s had significantly lower bacterial burden in both
spleen and liver than the non-surviving F2s, but this is likely due in part to the subset of
surviving mice with no bacterial burden in these organs. Of the 190 mice that survived,
26 had no bacteria in either their spleen or liver, an unexpected result, but a high enough

number that it is unlikely to be due to an infection error.
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We used Spearman’s correlation on the F2 results and identified a positive
correlation between survival and weight change, as well as between spleen CFU/g and
liver CFU/g. There was also a slight negative correlation between survival time and
spleen and liver CFU/g. Thus, mice that were more highly colonized were more likely to
die early. However, this correlation was not strong, due to a high number of highly
colonized mice surviving to day 7.

Next, QTL was performed on survival time. Since there was such a high
correlation between survival and weight change, weight change was used as a covariate.
The 26 uncolonized mice were also excluded because our interest is how CC045
survives high colonization levels. The QTL gave four significant associations: 45Stmsq1,
2,3,and 4 on Chr 8, 12, 15, and 19, respectively.

Allele interactions between the top SNP for each association were explored to
determine if there were any interactions. Interactions were found between Chr 8 and 12
and Chr 12 and 15. Only one of the interactions between Chr 12 and 15 was likely a true
interaction of alleles. When a mouse had an A allele on Chr 15, a B allele on Chr 12
made the mouse survive more poorly than if it was heterozygous at the Chr 12 locus.
The A allele on Chr 12 appeared to be intermediate.

Significant regions were also explored to identify genes that would be good
candidates for survival of STm infection. First, on Chr 8, there were two candidate
genes: interleukin 17C (I117c) and interleukin 34 (1134). 1117c is a cytokine produced by
epithelial cells, including those in the intestine, that has similar properties to 1117a (113).

The role of 1117c is still largely unknown, but its family member I117a is required to help
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mount a sufficient immune response to STm infections (114). 1134 is recently discovered
cytokine that causes proliferation, activation, and survival of monocytes/macrophages, a
vital innate immune cell type to combat STm infection (34, 115). On Chr 12, the DnaJ
heat shock protein family (Hsp40) member B9 (Dnajb9) was a candidate gene. Dnajb9
is a chaperone protein that stabilizes proteins when a cell is under stress, such as an
infection, and is reported to be involved in B-cell maturation (116). Finally, on Chr 15,
death-associated protein 1 (Dap), which is activated by IFN-y and causes cell death, was
a candidate gene (117, 118). IFN- vy is upregulated in Salmonella infections (119), so it is
possible that CC045 control their IFN-gamma production to prevent excessive cell
death. However, we did not find any significant differences in IFN- y production at the
time of necropsy in our mice (Fig. 39). Because necropsy times differed across lines, it is
possible that this timing issue obscured our ability to detect differences in INF- y levels

in the current infection paradigm. In order to confirm the putative roles of these genes in

survival after STm 3000+
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Figure 39: CCO045 did not have any differences in INF-
v levels post-infection.

Individual mice shown by dots, medians and interquartile
range shown by box plot.
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Materials/Methods

Bacterial strains and media

The Salmonella enterica ser. Typhimurium strain (HA420) used for this study
was derived from ATCC14028. HA420 is a fully virulent, spontaneous nalidixic acid
resistant derivative of ATCC14028 (100). Strains were routinely cultured in Luria-
Bertani (LB) broth and plates, supplemented with antibiotics when needed at 50 mg/L
nalidixic acid (Nal).

For murine infections strains were grown aerobically at 37°C to stationary phase
in LB broth with nalidixic acid and diluted to generate an inoculum of 2-5 x108/ml..
Bacterial cultures used as inoculum were serially diluted and plated to enumerate colony
forming units (CFU) to determine the exact titer.

Murine Strains

Both conventional mice  Table 15: Number of mice used for infections and
facility of origin.

(B6), collaborative cross (CC),

Strain Male | Female | Origin
F1s (CC061xCC045) and B6 14 5 TAMU

CC021 3 3 UNC
outbred F2 (CC061xCC045) u u

CC031 3 3 UNC
mice were utilized in these CCo42 3 3 TAMU
experiments. Most animals were CCo45 3 2 UNC

CCool 3 3 TAMU
bred and maintained in the

CC061XCC045 F1 3 3 UNC

Division of Comparative CC061XCC045 F2 138 107 TAMU

Medicine at Texas A&M University. The CC045 and CC061xCC045 F1s were obtained

from the UNC Collaborative Cross Core. Our experiments used both male and females
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of 5 lines of CC mice in addition to B6, CC061xCC045 F1s, and F2s (Table 15). All
animal experiments were conducted in accordance with the Guide for the Care and Use
of Laboratory Animals, and with the TAMU IACUC (AUP# 2018-0488 D, 2015-0315
D, and 2019-0411).

Infection with Salmonella Typhimurium

Mice were separated into individual cages and given a paper hut when
transferred from the breeding facility to the BSL-2 facility. After 2 days of acclimation
in the BSL-2 facility, 8 to 12-week-old B6, CC, F1, or F2 mice were weighed and
infected by gavage with a dose of 2-5 x10” CFU of S. Typhimurium HA420 in 100
microliters of LB broth. Infected mice were monitored twice daily for signs of disease by
visual inspection. When health conditions suggested the development of clinical disease
from infection, mice were humanely euthanized. If animals remained clinically healthy
throughout the duration of the experiment, they were humanely euthanized at 7 days
post-infection. 3 male and 3 female mice of each CC line were used (CC045 only had 2
females due to an experimental complication) and each control for a total of 48 inbred
mice, 6 F1s, and 245 F2s.

Bacterial load determination

Mice were humanely euthanized, and the spleen and liver were collected. Half of
each organ was collected in 3 mL of ice-cold PBS, weighed, homogenized, serially
diluted in 1X PBS, and plated on Nal plates for enumeration of S. Typhimurium in each

organ. Data are expressed as CFU/g of tissue.
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Complete Blood Count

For B6 and CC mice, whole blood was collected by puncture of the
submandibular vein (cheek bleed) for complete blood count (CBC) one week prior to
infection for pre-infection sample to determine the baseline for each mouse. Blood from
infected mice was collected at necropsy by cardiac puncture. All blood was collected
into EDTA tubes and analyzed on an Abaxis VetScan HM5 machine.

F2 breeding/Genotyping

CC061 females were bred with CC045 males to generate CC061xCC045 F1 mice
by the UNC Collaborative Cross Core. The F1 mice were shipped to the Division of
Comparative Medicine at Texas A&M University. The mice were then bred in trios (2
females and 1 male) and offspring were weaned at 3 weeks of age. The resulting F2 mice
were grouped housed until they were 8-12 weeks old. Tail snips were taken at weaning
from F2 mice and were genotyped using miniMUGA at Neogen. The miniMUGA has
11,125 markers (120).

QTL analysis

219 F2 mice were included in the QTL analysis. Mice with no bacterial burden in
the spleen and liver were excluded. The analysis was run using the R/qtl2 program and
999 permutations (121). Survival time with weight change as a covariate was used as the

input. CC045 was called the AA parent and CC061 was called the BB parent.
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CHAPTER V

CONCLUSIONS AND FUTURE DIRECTIONS

Salmonella is a serious global human health concern that causes extensive
morbidity and mortality. Salmonella also have an increasing incidence of antibiotic
resistance, limiting treatment options for severe or recurrent cases (19). 2% of human
cases are colonized long-term by Salmonella with 65% of these patients having recurrent
diarrheal disease (122). The recurrent diarrheal disease is a distinct phenotype from
asymptomatic carriage and perhaps represents tolerance (123). The majority (93%) of
the long-term colonization cases were in individuals who were immunocompetent (122,
123). Discovering why some hosts are able to survive STm infections, even in the face
of long-term colonization, was the goal of this project. Since most studies performed on
STm have been on traditional inbred mouse strains, they have not captures the effect of
host genetic diverstity on disease outcome. We used the Collaborative Cross, which is as
diverse as a human population, to achieve this goal (37).

We orally infected 32 CC lines with STm and monitored them initially for one
week. We identified 14 lines that were susceptible to STm infection as they did not
survive to day seven post-infection. Eighteen lines survived the full study period. The
range of median CC line survival was four to seven days, similar to that observed in B6
and CBA mice. This similar range of survival may be due to the technical parameters of
our experiment: seven days may not be a long enough window to capture variable

survival at the higher end, and four days may be the quickest a mouse can succumb to



STm using the current infection paradigm. Weight change in the CC lines was more
variable than the control strains B6 and CBA. Bacterial burden in spleen and liver were
also much more variable than the control strains, demonstrating that the CC models
more diversity than inbred strains. One drawback of this study was that all of the 18
surviving lines did not have significantly different bacterial burdens in spleen and liver,
so tolerance and resistance could not be differentiated at one-week post-infection.

To further identify tolerant versus resistant lines, lines that survived acute
infection were orally infected for three-weeks. Surprisingly, we found a subset of these
lines (seven) that survived acute infection but could not survive the three-week
infections and had high bacterial burdens. We defined these lines as having a “delayed
susceptible” phenotype. We classified six of the remaining lines as tolerant. These lines
survived STm infections and maintained a bacterial burden of at least 103 CFU/g in their
liver and 10* CFU/g in their spleen. This bacterial burden was similar to that of delayed
susceptible lines, but was fatal for delayed susceptible. Resistant lines were colonized at
very low levels in both liver and spleen, suggesting that they are clearing the infection.

At one-week post-infection, there was no significant differences in bacterial
burden between tolerant and resistant lines in any organs. Furthermore, there was no
significant difference between bacterial burdens in tolerant and resistant lines in ileum,
cecum or colon at three-weeks post-infection. However, the bacterial burdens in PP and
MLN were significantly different at three-weeks post-infection. When a host ingests
STm contaminated food or water, the bacteria enter the gut epithelium through the PP

(124). Long-term colonization of hosts by STm can result from persistence of organisms
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in MLN (103). Tolerant lines, which are defined by maintenance of bacterial load, had
significantly more STm in their MLN than resistant lines. However, neither group
significantly increased nor decreased their bacterial burden at three-weeks post-infection
when compared to one-week levels, suggesting tolerance is more complex than
persistence in MLN alone.

Telemetry provides unique insight into each mouse’s minute-by-minute
temperature and activity. This minute-by-minute reading allowed us to establish each
mouse’s unique circadian pattern of body temperature and activity and to pinpoint the
exact minute that each mouse started to develop disease, before symptoms were visible.
Interestingly, mice that survived acute infections had a lower uninfected baseline body
temperature during rest periods, during active periods, and overall. Because fever is
generally thought to be disease fighting (78, 93-95), we expected mice with higher
baseline temperatures to mount a quicker fever response since it would require a smaller
change in temperature, but this did not appear to be the case. During three-week
infections, we found that tolerant lines had the lowest temperatures across all three time
periods when compared to resistant, delayed susceptible, and susceptible lines. Since
tolerance is focused on minimizing damage done by both the pathogen and the host’s
own immune response, this lower baseline temperature may be protective from damage
caused by high fevers post-infection (78, 93, 125). While resistant and delayed
susceptible mice were warmer than tolerant mice, they were still cooler than susceptible

mice.
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One of the first explanations for temperature differences could be activity
differences since activity raises body temperature (125, 126). When evaluating pre-
infection baseline activity for one-week infections, surviving mice spent more time at
rest during periods of the day when mice were the most active than susceptible mice.
The increased time at rest in surviving lines is probably not the cause of lower body
temperature in these lines, as even during periods when susceptible and surviving mice
spent equal time at rest, surviving lines maintained a lower body temperature. Similar to
what was found in acute infections, pre-infection activity levels did not differ across the
groups during three-week infections, meaning the temperature differences are
independent of activity level.

Circadian pattern disruption was also measured using the telemetry data for both
one- and three- week infections. During one-week infections, there was no significant
difference in how rapidly surviving and susceptible infected mice deviated from their
normal circadian pattern of temperature or activity after infection. During three-week
infections, resistant lines maintained temperature circadian rhythm for over a day longer
than tolerant lines, yet both groups survived equally long, showing that tolerant lines
survive despite showing disease symptoms (104). Circadian pattern disruption detection
was also compared between temperature and activity for each phenotypic group and
temperature was shown to be a more sensitive predictor of disease onset for susceptible,
tolerant, and delayed susceptible lines, but not resistant lines. This data suggests that

temperature, not activity levels, may be the first indicator of a developing disease.
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CBC and cytokine levels were also assessed for one- and three- week infections
but were not significantly different when comparing surviving and non-surviving lines at
one-week post-infection. At this timepoint, differences originate from underlying line
differences rather than from differential response to STm infection, highlighting the
diversity of even baseline immune parameters in the CC (2, 44). However, at three-
weeks post-infection, tolerant lines had a higher increase in overall WBC driven by a
significantly higher increase in neutrophils than resistant lines. Since neutrophils are part
of the initial immune response to infection, lower neutrophil counts of resistant lines
may be due to clearance of enough bacteria, that their neutrophils are simply more
efficient at reaching infection sites, or that they have switched to the adaptive immune
response (127). However, since there were no differences in lymphocyte numbers, which
include T and B cells and are a key part of the adaptive immune system, it is more likely
due either bacterial burden or neutrophil efficiency.

At three-weeks post-infection, three cytokines were significantly different
between tolerant and resistant lines. The first cytokine, IFN-y, was increased in both
resistant and tolerant lines, but tolerant lines had a much higher increase after infection.
IFN-y keeps STm levels at a manageable level, while keeping the host healthy, and
neutralizing IFN-y causes STm to reactive and causes severe infection (103, 105). Since
tolerant lines have such a high level of IFN-y, this must be a contributing factor to
controlling their high bacterial burden. Removing IFN-y from tolerant mice may even
cause them to become susceptible. The next cytokine that was significantly lower in

resistant mice than tolerant mice was MCP-1, which attracts monocytes to the site of
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infection. Since STm resides and replicates in monocytes, high levels of MCP-1 are not
always protective (106). High levels of MCP-1 cause more severe organ damage/failure,
higher levels of septic shock, and higher mortality (34, 106, 107). The last cytokine that
was significantly different was ENA-78, which attracts neutrophils to infection sites.
ENA-78 was increased in resistant mice and decreased in tolerant mice, contrary to what
we would expect since tolerant lines have a significantly higher number of neutrophils
than resistant lines (108). Resistant lines could be attempting to recruit more neutrophils
to fight off the remaining STm since they are still colonized, or that tolerant lines could
be trying to control their immune response by reducing neutrophil numbers. Controlling
the cytokine response is important, because dysregulation can lead to sepsis and death
(107, 128, 129).

Since the immune response can also cause organ damage (73, 75), histopathology
scores were examined for ileum, cecum, colon, spleen, and liver. At one-week post-
infection, tissue damage in spleen and liver had a small but significant correlation with
survival time, while ileum, cecum, and colon were minimally damaged. Splenic damage
drove the small correlation suggesting that liver damage, while more severe, is better
tolerated than splenic damage. Interestingly, at one-week post-infection, there were some
lines that exhibited quite severe damage in both organs yet survived (CC011, CC017,
CC045, CC072, and CCO78) and some lines that did not have as severe of damage and
did not survive (CC005, CC025, and CC030). This supports that there is heterogeneity in
infection response and suggests there is more than one way to survive an infection.

Three-week post-infection tissue samples were also examined and compared to the one-
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week tissue samples. Again, the ileum, cecum, and colon were minimally damage and
spleen and liver more severely damage. Tissue damage in spleen and liver were reduced
in resistant mice at three-weeks post-infection compared to one-week post-infection,
while tolerant mice did not reduce tissue damage. Since tissue damage was present at
one-week, it is likely that the resistant mice were able to reduce the damage by three-
weeks by repairing the damage. Interestingly, tissue repair has been linked to tolerance
to other pathogens, yet we do not see this in the tolerant mice in our experiment (48, 75,
130). However, the tolerant mice also did not have worsening tissue damage, so it is
possible that they are controlling the damage without repair. Tolerant lines may be
modulating their immune system to prevent further tissue damage instead of repairing
the existing damage or that they are repairing the damage at the same rate as it is being
generated, creating a homeostasis (71, 75).

While we have been able to define tolerance at a phenotypic level, we were
interested in defining it at a genotypic level as well. In order to do this, we utilized QTL
analysis to identify genetic regions that associated with the phenotypes. For one- and
three-week infections, all of the collected parameters were analyzed to identify genes
using gQTL. For one-week, several genomic intervals were associated with survival
time. The two intervals found on Chr 1 corresponded to Slc1lal and Ncf2, previously
known genes that have mutations linked to poor survival after STm infection (27, 112).
Suggestive and significant intervals on Chr 2, 4, and 7 were also identified and two
genes were identified as candidate genes based on SNP differences in haplotypes: Bpifb2

and Samhd1. Bpifb2 is a member of the lipid-transfer protein family and is predicted to
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have bactericidal and permeability-increasing properties, making it a good candidate for
further investigation (97). Samhdl is involved in regulating interferon pathways in
response to viral infections, through NF-KB (98, 99). While Samhd1 has been linked to
the immune response, it has only been implicated in viral infections, but could have a
previously unknown role in bacterial immunity. For three-week infections, suggestive
and significant associations were identified for the phenotypes of resistance, tolerance,
and spleen/liver STm colonization. While one significant and six suggestive associations
were found, the small number of CC lines used and the lack of normal distribution of
data did not allow for us to determine which genes were responsible for the associations
alone (109). RNA sequencing data will allow us to narrow these regions into candidate
genes.

While tolerance and resistance were not distinguishable at one-week post-
infection, there were a few interesting phenotypes observed in some lines at this
timepoint. One of these lines was CC051, which was colonized more poorly than CBA
mice (resistant control) and gained weight. This data suggests that CC051 are more
resistant to STm infection than previously studied inbred strains. This line was also the
only line to show a reduced bacterial burden in spleen when compared to 1V infections,
suggesting a potentially unique intestinal phase of infection.

CC042 mice were significantly more highly colonized than the susceptible
control B6 mice. This extreme susceptibility has been attributed to an additional
mutation in the Itgal (65, 66). CC027 exhibited a stark sex difference with females

surviving to day 7 and losing minimal weight while males succumbed to infection and
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lost significantly more weight. Females were also significantly more poorly colonized in
spleen and liver. This line offers a unique opportunity to explore how sex can influence
outcome to disease, as it was the only line to exhibit completely opposite phenotypes
between males and females (45, 86, 87). The final and most interesting line was CC045
which carries mutations in both Slc11lal and Ncf2, had bacterial loads in spleen and liver
at similar levels as susceptible mice, and survived to day 7 with minimal weight loss
(23-25, 27, 30). With a double mutation, we would have expected this line to be
extremely susceptible to STm infections, so it must have some sort of compensatory
mechanisms.

Since mutations in Slc1lal have long been established to cause susceptibility to
intracellular pathogens such as STm (28), the survival of CC045 was unexpected and
required further examination. First, we determined whether CC045 mice were clearing
STm and thus surviving longer. CC045 was comparably colonized in spleen and liver
compared to B6 and four other CC lines known to carry the Slcl11lal mutation. In
addition to a difference in survival time, the CC045 line lost significantly less weight
than several other Slc11lal mutant lines studied. Thus, the longer survival time and lower
body weight loss of CC045 is not due to lower bacterial colonization.

Because white blood cells are a primary effector of innate and adaptive immunity
(44), we determined the baseline levels of circulating white blood cells (WBC). CC045
could be surviving STm infections due to being better primed to fight infection due to a
higher circulating WBC count. CC045 had comparable circulating WBC numbers to all

lines except for CC042 that had higher numbers than CC045, contrary to previous
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reports (66). These findings show that CC045 survival after STm infection is not due to
a higher baseline circulating WBC.

Another potential explanation for the survival phenotype of CC045 is that they
may be able to better mobilize neutrophils, monocytes, and lymphocytes post-infection
than other CC lines tested. This did not appear to be the case as CC045 did not have a
consistently greater change in circulating WBC than other Slcl11lal mutant CC lines.
CCO045 had significantly higher change in circulating neutrophils after STm infection
than both CC031 and CC042, but not for the other three lines and had significantly
higher change in circulating monocytes than CC042. CC045 had significantly higher
levels of circulating lymphocytes than B6, CC021, and CC042 after STm infections.
CCO045 mice do have a greater change in circulating lymphocytes than other lines,
however this is probably reflecting that the longer survival time allowed this line to
begin to mount an adaptive immune response (35).

Because these obvious gross parameters did not explain CC045 survival after
STm infection in the face of the Slc11al mutation, we generated an F2 population with
another CC line carrying the Slc11al mutation, CC061. CC061xCC045 F1s survived to
day 7 after STm infections, lost less weight than the CC061 parents, and were less
colonized in spleen and liver than the CC045 parents. Since all F1s survived, the alleles
enabling CCO045 to overcome the Slcllal mutation appear to be dominant. Reduced
STm burden in the F1s was unexpected but was restored in the F2s.

We infected 245 F2s with STm and monitored them for a 7-days post-infection.

190 F2 mice survived to day 7, a roughly 3:1 ratio expected in a Mendelian
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dominant/recessive inheritance pattern. The group of surviving F2 lost significantly less
weight than both the CC061 parents and the non-surviving F2s, but similar amounts to
the CCO045 parents and the F1s. The surviving F2s were colonized to a similar level as
both parental lines and F1s in the spleen. Surviving F2s were colonized more poorly in
the liver compared to the CC045 parents, possibly due to the discrepancy in sample size
between the CC045 and F2s. The surviving F2s had significantly lower bacterial burden
in both spleen and liver than the non-surviving F2s, but this is likely due to the subset of
surviving mice with no bacterial burden in these organs. Of the 190 mice that survived,
26 had no bacteria in either their spleen or liver, an unexpected result, but a high enough
number that it is unlikely to be due to an infection error.

We used Spearman’s correlation on the F2 results and identified a positive
correlation between survival and weight change, as well as between spleen CFU/g and
liver CFU/g. There was also a slight negative correlation between survival time and
spleen and liver CFU/g. Thus, mice that were more highly colonized were more likely to
die early. However, this correlation was not strong, due to a high number of highly
colonized mice surviving to day 7.

Finally, QTL analysis was performed on survival time to determine why some of
the F2s were able to survive bacterial burdens in their spleens and livers that killed other
F2s. We found four significant associations: 45Stmsq1, 2, 3, and 4 on Chr 8, 12, 15, and
19. These regions were explored to identify genes that would be good candidates for
survival of STm infection. The region on Chr 8 contained two candidate genes:

interleukin 17C (1117¢) and interleukin 34 (1134). 1117c is a cytokine produced by
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epithelial cells, including the intestine, that has similar properties to 1117a (113). The
role of 1117c is still largely unknown, but it is predicted to act in a similar manner as its
family member 1117a, which is required to mount a sufficient immune response to
invasive STm infections (114). 1134 is recently discovered cytokine that causes
proliferation, activation, and survival of monocytes/macrophages, a vital cell type to
combat STm infection (34, 115). The region on Chr 12contained on candidate gene,
DnaJ heat shock protein family (Hsp40) member B9 (Dnajb9). Dnajb9 is a chaperone
protein that stabilizes proteins when a cell is under stress, such as an infection, and is
reported to be involved in B-cell maturation (116). Finally, on Chr 15, death-associated
protein 1 (Dap), which causes cell death and is activated by IFN-y, was a candidate gene
(117, 118). IFN-y is upregulated in Salmonella infections (119), so it is possible that
CCO045 are able to control their IFN-y production to prevent excessive cell death after
STm infection. However, we did not find any significant differences in IFN-y production
at the time of necropsy in our mice, but differences in necropsy times across lines could
mask differences in INF-y levels in the current infection paradigm. In order to confirm
the candidacy of these genes in STm infection survival, further analysis is needed.
Overall, we were able to describe the phenotypes of the CC mice in response to
STm infection over both acute and long-term infections. We were able to identify
previously unknown genetic regions associated with survival time post-infection for both
infections times and a significant association with spleen bacterial burden at three-weeks
post-infection. To confirm and identify candidate genes found in the QTL regions found

in one- and three-week infections, RNA-seq data is the next step. The tolerance and
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resistance phenotypes were able to be defined at three-weeks post-infection. Telemetry
data revealed that cooler baseline temperatures appeared to be more advantageous for
STm infection survival, but the underlying cause was not explained and further
experiments manipulating baseline temperatures would need to be performed to
determine if it is a causative relationship. We also identified one line, CC045, that was
able to survive one-week post-infection, despite carrying a previously not survivable
mutation in Slc11al through a novel mechanism that would require further genomic

analysis to confirm.
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APPENDIX A

Table A 1: Histopathology scoring matrix with descriptions.

Final score per organ corresponds to whichever section has the highest score. Scoring

matrix from Dr. Garry Adams.

Tissue Mononuclear | Microgranuloma Necrosis
Score - PMN Infiltrate* ! N ar . Cellular
Injury Infiltrate Formation
or Zonal
No changes, No
0 None No changes, 0-3 0-5 No changes changes
1 Mild 3-5 6-10 12 Single
cells
2 Moderate | 6-15 11-80 3.5 Multiple
cells
3 Marked | 16-150 81-200 6-12 Islands of
cells
4 Severe >150 >200 >12 Broad
zones

*Number of cells or microgranulomas per high power field (400X).
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Abscessation
or Zonal
Infarction

No changes

None

Small, rare
Moderate,
occasional

Massive,
common



Liver Scoring

0 1 2 3 4

Figure A 1: Representative images of spleen and liver histology scoring matrix.
Tissues were sectioned and stained with H&E before being analyzed. Images from Dr.
Garry Adams illustrating scoring matrix.
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Figure A 2: Graphical representation of how telemetry models were run.

Examples of how A. temperature and B. activity calculations were determined.
Specifically maximum, median, minimum pre-infection temperature and activity as well
“off-pattern” for post-infection.
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