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ABSTRACT Understanding the molecular mechanisms underlying resistance and
tolerance to pathogen infection may present the opportunity to develop novel inter-
ventions. Resistance is the absence of clinical disease with a low pathogen burden,
while tolerance is minimal clinical disease with a high pathogen burden. Salmonella
is a worldwide health concern. We studied 18 strains of collaborative cross mice that
survive acute Salmonella Typhimurium (STm) infections. We infected these strains
orally and monitored them for 3 weeks. Five strains cleared STm (resistant), six
strains maintained a bacterial load and survived (tolerant), while seven strains sur-
vived >7 days but succumbed to infection within the study period and were called
“delayed susceptible.” Tolerant strains were colonized in the Peyer’s patches, mesen-
teric lymph node, spleen, and liver, while resistant strains had significantly reduced
bacterial colonization. Tolerant strains had lower preinfection core body tempera-
tures and had disrupted circadian patterns of body temperature postinfection sooner
than other strains. Tolerant strains had higher circulating total white blood cells than
resistant strains, driven by increased numbers of neutrophils. Tolerant strains had
more severe tissue damage and higher circulating levels of monocyte chemoattrac-
tant protein 1 (MCP-1) and interferon gamma (IFN-y), but lower levels of epithelial
neutrophil-activating protein 78 (ENA-78) than resistant strains. Quantitative trait
locus (QTL) analysis revealed one significant association and six suggestive associa-
tions. Gene expression analysis identified 22 genes that are differentially regulated in
tolerant versus resistant animals that overlapped these QTLs. Fibrinogen genes (Fga,
Fgb, and Fgg) were found across the QTL, RNA, and top canonical pathways, making
them the best candidate genes for differentiating tolerance and resistance.

IMPORTANCE To survive a bacterial infection, an infected host can display resistance
or tolerance. Resistance is indicated by a decrease in pathogen load, while for toler-
ance a high pathogen load is accompanied by minimal disease. We infected geneti-
cally diverse mice with Salmonella Typhimurium for 21 days and discovered new
phenotypes for disease outcome (delayed susceptible, tolerant, and resistant).
Tolerant strains showed the lowest preinfection core body temperatures and the
most rapid disruption in circadian patterns of body temperature postinfection.
Tolerant strains had higher circulating neutrophils and higher circulating levels of
MCP-1 and IFN-y, but lower levels of ENA-78 than did resistant strains, in addition to
more severe tissue damage. QTL analysis revealed multiple associated regions, and

July/August 2022 Volume 13 Issue 4

Editor Michele S. Swanson, University of
Michigan—Ann Arbor

Copyright © 2022 Scoggin et al. This is an
open-access article distributed under the terms
of the Creative Commons Attribution 4.0
International license.

Address correspondence to David W.
Threadgill, dwthreadgill@tamu.edu, Helene L.
Andrews-Polymenis, handrews@tamu.edu, or
Michael Kirby, Michael Kirby@colostate.edu.
*Present address: Jyotsana Gupta, Perkin-
Elmer, Inc,, Hopkinton, Massachusetts, USA.
§Present address: Rachel Lynch, Department of
Genetics, University of North Carolina, Chapel
Hill, North Carolina, USA.

OPresent address: Manuchehr Aminian,
Department of Mathematics and Statistics,
California State Polytechnic University,
Pomona, California, USA.

The authors declare no conflict of interest.

Received 20 April 2022
Accepted 16 June 2022
Published 26 July 2022

10.1128/mbio.01120-22 1


https://orcid.org/0000-0002-1818-1335
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1128/mbio.01120-22
https://crossmark.crossref.org/dialog/?doi=10.1128/mbio.01120-22&domain=pdf&date_stamp=2022-7-26

Tolerance to Long-Term Salmonella Typhimurium Infections

gene expression analysis identified 22 genes that are differentially regulated in toler-
ant versus resistant animals in these regions. Fibrinogen genes (Fga, Fgb, and Fgg)
were found across the QTL, RNA, and the top canonical pathways, suggesting a role
in tolerance.

KEYWORDS collaborative cross, fibrinogen, QTL, Salmonella, resistance, tolerance

almonella enterica is a Gram-negative bacterium that cause a range of diseases,

including gastroenteritis, sepsis, and typhoid fever in various mammalian and
avian hosts (1, 2). A total of 93.8 million cases nontyphoidal Salmonella (NTS) occur
worldwide every year in humans, resulting in 155,000 deaths (3). The severity of an
NTS infection depends on several factors, including host age, health, and genetics, as
well as Salmonella serotype (4-6). Salmonella enterica serotype Typhimurium (STm)
causes gastroenteritis in humans and can cause serious bacteremia. In mice, this sero-
type causes a fatal systemic infection in susceptible mouse strains that models invasive
infections in humans (1, 7).

Various strains of inbred mice respond to STm infection differently. C57BL/6J and
BALB/cJ have mutations in solute carrier family 11 member 1 (Sic77aTl) and are highly
susceptible to fatal STm bacteremia (8-10). Other strains, including 129 Sv, CBA/J, and
A/J, are wild type at the Slc77al locus and do not develop severe systemic salmonello-
sis (8-11). Other genes, including neutrophil cytosolic factor 2 (Ncf2), Toll-like receptor
4 (TIr4), interferon gamma (Ifng), and histocompatibility complex (H2) haplotypes, have
also been linked to survival after STm infections in mice (1, 12-15).

Since previous STm infection studies have used primarily traditionally inbred mouse
strains, the host genetic diversity influencing STm infection in the mouse has not been
thoroughly explored. The collaborative cross (CC) mouse population is a panel of
recombinant inbred strains that recapitulate the genetic diversity found in human pop-
ulations (16-19). The CC founders capture 90% of the genetic diversity found in the
mouse genome and represents a wider range of phenotypes, including immune phe-
notypes, than traditional inbred strains (20-22). For example, strains with high viral
titers after experimental infection with influenza virus or Ebola virus and good health
status have been identified in the CC (23-25).

How a host responds to infection can be categorized as resistant or susceptible
based on the host’s ability to clear the infection (1, 26). A third response called toler-
ance has been described in plant systems and is now being applied to other systems,
including Drosophila and mice (27-33). In tolerance, the host has minimal signs of
infection in the face of a high pathogen burden (32, 34, 35), and this quality has been
attributed to the ability to limit damage (31). Genetic variation in both resistance and
tolerance has been demonstrated using murine infections with plasmodium (31, 36).
Our recent work with CC mice suggests that while there are multiple genes known to
influence acute survival after STm infection, there are additional genes to be discov-
ered that influence disease outcome after STm infection (37). Studies using the CC
mouse population suggest that the disease outcomes after STm infection in mice are
more complex than a binary susceptible and resistant classification (37).

To differentiate tolerance from resistance to Salmonella infections, 18 strains of CC
mice that survived acute infection were orally infected with STm and monitored for up
to 3 weeks (37). Our experiments revealed that some CC strains are tolerant to STm
infection and that these strains maintain a significantly higher bacterial burden than
resistant strains in Peyer’s patches (PP), mesenteric lymph nodes (MLN), spleen, and
liver. Tolerant strains lost more weight than resistant strains despite surviving infection.
Not surprisingly, resistant strains had significantly reduced tissue damage in the spleen
and liver relative to tolerant strains. Tolerant strains had more circulating total white
blood cells (WBCs), driven by higher circulating neutrophils, and higher serum inter-
feron gamma (IFN-y) and monocyte chemoattractant protein-1 (MCP-1) than resistant
strains. Resistant strains had significantly more circulating epithelial neutrophil-activat-
ing protein 78 (ENA-78) than tolerant strains. Using quantitative trait locus (QTL)
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analysis, we identified one significant association, Scq7, and six suggestive associations.
Transcriptome sequencing (RNA-seq) analysis allowed us to narrow these regions to 22
candidate genes, and the most highly differentially expressed were the fibrinogen sub-
units Fga, Fgb, and Fgg. RNA-seq analysis also allowed us to identify the top five canon-
ical pathways, which also contained these fibrinogen genes.

RESULTS

Three-week Salmonella infections distinguish tolerant and resistant strains and
reveal another phenotype: delayed susceptibility. Based on survival of acute STm
infections (7 days) (37), 18 CC mouse strains were chosen to undergo a 3-week infec-
tion with STm ATCC 14028 to identify tolerant and resistant phenotypes. Tolerance
was defined as strains that had at least 4/6 mice survive to day 7 during 1-week infec-
tions (37), at least 4/6 mice survive to day 21 during 3-week infections and had median
colonizations of at least 103 CFU/g in the liver and 10* CFU/g in the spleen (Fig. 1).
Resistant strains had the same or better survival as tolerant mice but had reduced bac-
terial burden with medians of <103 CFU/g in the liver and <10* CFU/g in the spleen
(Fig. 1).

Of the 18 strains analyzed (see Table S4 in the supplemental material for complete
strain names), 6 were categorized as tolerant (CC002, CC017, CC038, CC043, CC072,
and CC078) and 5 were categorized as resistant (CC015, CC024, CC051, CCO57, and
CC058). The remaining seven strains did not fit into either the tolerant or resistant cate-
gory because 3/6 or fewer mice survived the 3-week study period, despite having at
least 4/6 mice survive our earlier acute study (37). We categorized these strains as
“delayed susceptible” since they survive longer than susceptible strains.

Tolerant strains had mean survival times of 16 to 18 days (Fig. 1A). Four of the five
resistant strains had all six mice survive to day 21. For the remaining resistant strain,
CC058, 4/6 mice survived to day 21 with a mean survival of 16.83 days (Fig. 1A).
Delayed susceptible strains had a mean survival time of 7 to 16 days (Fig. 1A). In gen-
eral, both delayed susceptible and tolerant strains lost weight, while resistant strains
gained weight. Delayed susceptible strains lost 0.93 to 15.67% of their starting weights
while tolerant strains lost 1.02 to 5.97% (Fig. 1B). Resistant strains gained 2.05 to 8.17%
of their starting weight, with the exception of one strain (CC058 lost 5.51%) (Fig. 1B).

We defined tolerance and resistance by a strain’s ability to control the bacterial bur-
den in the spleen and liver. Resistant strains ranged in median colonization from
3.9 x 10" to 7.53 x 102 CFU/g in the liver and 1.88 x 102 to 7.48 x 10® CFU/g in the
spleen (Fig. 1C and D; see also Fig. S6) and were statistically significantly more poorly
colonized than tolerant strains. Tolerant strains ranged in median colonization from
1.74 x 10% to 2.78 x 10* CFU/g in the liver and 4.5 x 10% to 2.13 x 10> CFU/g in the
spleen (Fig. 1C and D). Delayed susceptible strains overlapped with the tolerant me-
dian colonization ranges for both organs, 2.07 x 103 to 9.44 x 10* CFU/g in the liver
and 6.5 x 10*to 7.5 x 10° CFU/g in the spleen (Fig. 1C and D). Overlapping ranges of
colonization of tolerant and delayed susceptible strains demonstrate that tolerant
strains survive a bacterial burden that is fatal for other CC strains. One tolerant strain,
CC072, had the highest colonization of all tolerant strains in both the spleen and the
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 genet-
ics. Thus, based on bacterial colonization and survival, we are able to define three cate-
gories of phenotypes: delayed sensitivity, tolerance, and resistance to STm infection in
mice of diverse genetics.

Tolerant strains maintain a higher bacterial load in Peyer’s patches and mesen-
teric lymph nodes than resistant strains. While our initial focus was on spleen and
liver, the ileum, cecum, colon, MLN, and PP were also examined for bacterial load after
STm infection. Bacterial burden in the ileum, cecum, and colon was not significantly
different in tolerant or resistant strains at 1 or 3 weeks postinfection (see Fig. S1,
P =0.5600, P > 0.9999, and P > 0.9999). Tolerant and resistant strains were colonized
similarly in their PP and MLN during acute (1 week) infections in previous experiments
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FIG 1 Delayed susceptible, tolerant, and resistant strains have distinct responses to STm infections. (A and
B) Survival time (A) and percent weight change (B) after infection with STm. Strains are shown in ascending
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FIG 2 CC strains resistant to STm infection have lower MLN and PP colonization compared to
tolerant strains. Peyer’s patches (PP) (A) and MLN (B) CFU counts per gram of organ at necropsy. Each
circle represents an individual mouse (black circles represent males, and gray circles represent
females), and medians and interquartile range, are indicated by lines. Tolerant (T, open circles) and
resistant (R, filled circles) are indicated. A Kruskal-Wallis test was performed to identify significant
differences (*, P < 0.05; **, P < 0.01; ***, P < 0.001).

(Fig. 2; P > 0.9999) (37). At 3 weeks postinfection, tolerant strains remained more highly
colonized than resistant strains in both PP (1.28 x 10° versus 1.28 x 10* CFU/g, P = 0.038)
and MLN (6.00 x 103 versus 3.87 x 102 CFU/g, P = 0.0008) (Fig. 2). Tolerant strains were sta-
bly colonized in PP and MLN between 1 and 3 weeks postinfection, suggesting that they
were unable to clear STm from these niches (Fig. 2). Resistant strains, however, reduced PP
colonization significantly between 1 and 3 weeks postinfection (Fig. 2A, 1.56 x 10° CFU/g
and 1.28 x 10* CFU/g, P = 0.0451), while MLN remained stably colonized. Thus, during lon-
ger-term infections, resistant strains reduce STm colonization of the PP, while tolerant
strains do not, and resistant strains maintain low levels of MLN colonization.

Tolerant strains have lower baseline core body temperature and deviate from
their normal circadian pattern quickly postinfection. Mice were implanted with te-
lemetry devices that tracked temperature and activity continuously. Baseline measure-
ments were taken for 1 week preinfection and for up to 3 weeks postinfection. The body
temperature minimum corresponds to the minimum core body temperature reached
during the “rest period” of the mouse (light hours), the maximum corresponds to the
maximum core body temperature reached during the “active period” (dark hours), and
the median describes the median core body temperature in a 24-h period. Tolerant
strains had significantly lower baseline body temperatures when uninfected than both
resistant and delayed susceptible strains across all three measurement periods (Fig. 3A;
see also Table S1 in the supplemental material [rest, active, and 24-h periods]).

FIG 1 Legend (Continued)

order of survival and weight change if survival was equal between strains. Means and standard deviations
are shown. (C and D) Liver (C) and spleen (D) CFU counts per gram of organ at time of necropsy. Medians
and interquartile ranges are shown. Circles represent individual mice (black circles represent males, and gray
circles represent females). A total of 18 CC strains are represented. Slc11al and Ncf2 status (+, wild type; -,
mutated) are shown at the bottom, as well as the response to infection (tolerant shown in blue).
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FIG 3 Tolerant mice have cooler body temperatures and deviate from normal body temperature
patterns sooner than resistant mice. (A) Core body temperatures during resting, 24-h, and active periods
for delayed susceptible (DS, filled triangles), tolerant (T, open circles), and resistant (R, filled circles) mice.
(B) Times to deviation from circadian pattern (“off pattern”) for temperature and activity. Each symbol
represents an individual mouse (black symbols represent males, and gray symbols represent females).
Medians and interquartile ranges are indicated by blue lines. A Kruskal-Wallis test was performed to
identify significant differences (¥, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001).

Since 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 given time pe-
riod. The fraction of time the mouse was active for their rest period, active period, and an
entire 24-h period was not significantly different between these groups (see Fig. S2).

Gross alterations in circadian patterns of core body temperature and locomotor ac-
tivity occurred in nearly all infected lines of CC mice upon infection, but with various
times of onset and various severities. STm tolerant mice deviated from their normal
pattern of core body temperature very quickly, with a median of 463 min (7.7 h postin-
fection) (Fig. 3B) and without showing other perceptible clinical signs of disease.
Delayed susceptible strains also deviated from their normal pattern of body tempera-
ture rapidly (835 min, ~13 h). Resistant mice maintained their circadian pattern signifi-
cantly longer than tolerant mice with a median of 2,324.5 min (1.61 days) (Fig. 3B; P =
0.0458), but despite their resistance to infection, they had perceptible changes in the
regulation of their core body temperature.

All groups maintained their circadian pattern of locomotor activity for a similar
amounts of time: between 1 and 3 days postinfection (Fig. 3B). When the times to devia-
tion from activity and temperature patterns (time to “off-pattern”) were compared for
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each group, both delayed susceptible and tolerant mice had disruptions in their tempera-
ture patterns sooner than disruptions in their activity patterns, suggesting that one does
not immediately influence the other (Fig. 3B). Delayed susceptible mice deviated from
their temperature pattern a median of 1,523.5 min (1.06 days) earlier than their activity
pattern (Fig. 3B; P = 0.0351), while tolerant mice deviated from their temperature patterns
a median of 1,940 min (1.34 days) earlier (Fig. 3B; P = 0.0031). Disrupted circadian patterns
of temperature and activity were not significantly different in resistant mice (Fig. 3B; P >
0.9999). For delayed susceptible and tolerant mice, changes in core body temperature pat-
tern signaled earlier changes in health than did changes in activity level, a finding consist-
ent with our previous reports (37). Furthermore, tolerant strains appear to have a lower
core baseline body temperature prior to infection than CC strains of other phenotypes.
Postinfection, tolerant lines deviated from their circadian pattern of body temperature the
fastest.

Tolerant strains have increased total white blood cell counts, driven by circu-
lating neutrophils, relative to resistant strains. Complete blood counts (CBC) were
performed preinfection and at the time of necropsy for mice that were euthanized at 1
week or 3 weeks postinfection (37). The difference between preinfection and postinfec-
tion CBC components was calculated to determine the change (A) in each component
(see Table S2A). We included only tolerant and resistant strains in this analysis because
they were euthanized at the same time point. At 3 weeks postinfection, tolerant mice
had significantly more circulating white blood cells (WBC) than resistant mice
(5.29 x 10°/L versus 2.61 x 10%L, Fig. 4A; P = 0.0396). The differential count suggested
that circulating neutrophils (NEU) were elevated in tolerant mice relative to resistant
mice at 3 weeks postinfection (Fig. 4B; 5.58 x 10°/L versus 2.16 x 10°/L, P = 0.0029).
Circulating monocyte (MON) and lymphocyte (LYM) numbers were similar between tol-
erant and resistant mice (Fig. 4C and D; P = 0.2278, > 0.9999). Thus, circulating neutro-
phils in tolerant mice remain elevated for the duration of the study period.

At 3 weeks postinfection, tolerant mice have increased MCP-1 and IFN+ levels
and reduced ENA-78 levels compared to resistant mice. Chemokines, cytokines, and
their receptors control the movement of cells of the immune system. The levels of 36
cytokines/chemokines in serum from uninfected and from 1 and 3 week postinfection
CC mice were determined. The change (infected - uninfected = A) in circulating cyto-
kine/chemokine levels between uninfected and infected animals was calculated (see
Table S2B). We included only tolerant and resistant strains in this analysis because they
were euthanized at the same time point, while delayed susceptible animals were eu-
thanized earlier. STm tolerant and resistant mice had different levels of three cytokines
at 3 weeks postinfection: MCP-1, IFN-y, and ENA-78.

MCP-1 (CCL2) is a key chemoattractant for monocytes and plays a critical role in their
migration and tissue infiltration (38). The change in serum MCP-1 over baseline is similar
for tolerant and resistant lines at 1 week postinfection. However, at 3 weeks postinfection,
MCP-1 levels remain elevated in tolerant mice in response to infection, a median increase
of 117.54 pg/mL, while circulating MCP-1 returns nearly to baseline in resistant mice
(increase of 9.27 pg/mL over baseline [Fig. 5A; P = 0.0005]). Serum MCP-1 fell in resistant
mice from a median increase of 123.57 pg/mL over baseline at 1 week postinfection to a
median increase of 9.27 pg/mL at 3 weeks postinfection (Fig. 5A; P < 0.0001).

IFN-y is vital for controlling intracellular replication of STm, promoting damage to the
Salmonella containing vacuole, the intracellular niche of STm, and promoting production
of reactive oxygen and nitrogen species from phagocytic cells (39). At 1 week postinfec-
tion, IFN-y levels rose similarly in tolerant versus resistant mice. However, tolerant strains
maintained a high level of circulating IFN-y with a median increase of 200.04 pg/mL over
baseline at 3 weeks postinfection, while resistant strains returned IFN-y levels much closer
to baseline (median increase of 25.99 pg/mL [Fig. 5B; P = 0.0001]).

ENA-78 (CXCL5) is a CXC motif chemokine normally produced by platelets that pro-
motes accumulation of neutrophils (40). Tolerant strains had significantly lower circu-
lating ENA-78 levels than STm resistant strains at 3 weeks postinfection compared to
the baseline (Fig. 5C; —87.90 pg/mL versus 37.91 pg/mL, P = <0.0001). Resistant strains
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FIG 4 Tolerant mice have higher WBC and higher NEU than resistant mice. Difference (infected
- uninfected = A) between infected and uninfected for circulating. (A) Total white blood cells (WBC);
(B) neutrophils (NEU); (C) monocytes (MON); (D) lymphocytes (LYM). Each circle represents an
individual mouse (black circles represent males, and gray circles represent females), and lines
represent medians and interquartile ranges. T, tolerant (open circles); R, resistant (filled circles). A
Kruskal-Wallis test was performed to identify significant differences (*, P < 0.05; **, P < 0.01).

also significantly increased their ENA-78 levels from 1 to 3 weeks postinfection from
—42.11 to 37.91 pg/mL over uninfected baseline (Fig. 5C; P = 0.0016). Thus, reduction
of circulating CXCL5 appears to improve host defense to bacterial infection perhaps by
allowing proper scavenging of other chemokines (keratinocyte-derived chemokine [KC
or CXCL1] and macrophage inflammatory protein 2-alpha [MIP2-a or CXCL2]), allowing
the formation of chemokine gradients and sensitizing CXCR2, resulting in an increased
influx of neutrophils (41).

Tissue damage is more severe in tolerant and delayed susceptible strains than
in resistant strains. Sections of the ileum, cecum, colon, spleen, and liver were stained
with hematoxylin and eosin (H&E) and scored blindly by a board-certified pathologist
using a previously described (37) scoring system of 0 to 4 (0 = normal, 4 = severe dam-
age; see Table S3). Intestinal organs had minimal damage (scores 0 to 1) and were
excluded from further analysis (see Fig. S3). The spleen and liver had a range of dam-
age and were examined further at 1 and 3 weeks postinfection.

When mice were grouped by response to infection, there was no significant differ-
ence between delayed susceptible, tolerant, and resistant for spleen or liver damage at
1 week postinfection. However, strains susceptible to acute infection had significantly
more splenic damage at 7 days postinfection than strains of other phenotypes (see
Fig. S4). At 3 weeks postinfection, however, significant differences became apparent.
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FIG 5 Tolerant strains have higher circulating MCP-1 and IFN-y levels but a lower ENA-78 level at
3 weeks postinfection than resistant strains. Differences (A) between infected and uninfected levels of
MCP-1 (A), IFN-y (B), and ENA-78 (C) in tolerant and resistant strains. Circles represent individual mice
(black circles represent males, and gray circles represent females), and lines represent medians and
interquartile ranges. Outliers were removed. T, tolerant (open circles); R, resistant (closed circles). A
Kruskal-Wallis test was performed to identify significant differences (¥, P < 0.05; **, P < 0.01; ***, P <
0.001; ****, P < 0.0001).

STm tolerant strains had a mean histopathology score of 1.89 = 1.43; while delayed
susceptible strains had a mean of 2.93 = 1.47 for the spleen, damage to these tissues
was not statistically significantly different (Fig. 6). Resistant strains had a mean of
0.53 £ 0.77 for the spleen, lower than for both tolerant and delayed susceptible strains
(Fig. 6; P = 0.0004, <0.0001). Delayed susceptible strains also had increased spleen
damage from 1.68 = 1.26 at 1 week postinfection to 2.93 = 1.47 at 3 weeks postinfec-
tion (Fig. 6; P = 0.007).

Although damage to the liver was more pronounced than splenic damage at
3 weeks postinfection, the trend was the same: tolerant strains suffered more severe
damage than resistant strains (tolerant mean of 2.38 = 1.22 and resistant mean of
1.10 = 0.87; Fig. 6; P = 0.0058). Delayed susceptible strains also suffered more liver
damage at 3 weeks postinfection than resistant strains (delayed susceptible mean of
3.12 = 1.34 and resistant mean of 1.10 = 0.87; Fig. 6, P < 0.0001). Liver damage was
scored as resolving between 1 and 3 weeks postinfection in resistant strains (mean of
2.15 = 1.42 at 1 week to 1.10 = 0.87 at 3 weeks; Fig. 6, P = 0.0337).

To summarize, for those strains that survive acute infection, differences in the
amount of tissue damage by phenotype are apparent by 3 weeks postinfection. Both
tolerant and delayed susceptible strains displayed similar levels of tissue damage in
spleen and liver, while the tissue damage in resistant strains was much reduced by the
3-week time point.
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FIG 6 Resistant strains have less damage in the spleen and liver at 3 weeks postinfection than do
tolerant and delayed susceptible strains. The mean spleen and liver histopathology scores for tissue
damage and the standard deviations are indicated. DS, delayed susceptible (red bars), T, tolerant (black
bars); R, resistant (gray bars). A Kruskal-Wallis test was performed to identify significant differences (*, P <
0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001).

Significant and suggestive genetic associations were identified across various
phenotypes for 3 weeks post-STm infection. All 18 CC strains infected here were
included in a quantitative trait locus (QTL) association of relevant phenotypes. A statis-
tically significant association was identified for spleen colonization on mouse chromo-
some (Chr) 3 (spleen colonization QTL 1 [ScqT]) (Fig. 7 and Table 1). QTL Scq? contains
533 genes, with no obvious haplotype differences, likely due to the small number of
strains in our analysis (Fig. 7A and B). A suggestive association was identified for liver
colonization on Chr 13, containing 20 genes. The NZO founder has a high haplotype
effect in this region, associated with an increase in liver colonization, and 3 CC strains
carried this haplotype (CC001 [DS], CC003 [DS], and CC072 [T]) (Fig. 7C and D).
Furthermore, the B6 founder strain has a low haplotype effect in this region, associated
with reduced liver colonization, and 3 CC strains carried this haplotype (All resistant:
CCO015, CCO57, and CCO58) (Fig. 7C and D). Of the 20 genes in this region on Chr 13,
none had single nucleotide polymorphism (SNP) differences matching the haplotype
effects.

To overcome the limitations of using small numbers of CC strains to explore the
genes that distinguish tolerant and resistant strains, all 32 CC strains whose acute
response to infection with STm is known were included in a binary QTL analysis (37).
Resistant strains (CC015, CC024, CC051, CCO57, and CCO58) were assigned a value of 1
while the remaining tolerant, delayed susceptible, and susceptible strains were
assigned a value of 0. This analysis identified three suggestive QTL on Chr 3, 13, and 17
(Fig. 8 and Table 1). The Chr 3 QTL contains 212 genes and high haplotype effects in
NZO (All resistant: CCO15 and CC058), 12951 (CC024 [R], CC037 [S], CCO53 [DS], and
CCO057 [R]), and WSB (CCO51 [R]) suggested that regions from these founders conferred
resistance (Fig. 8A and B). No SNP differences were identified in this region between
NZO, 12951, and WSB and the remaining CC founder strains.

The association on Chr 13 contained 29 genes and had a high haplotype effect (more
STm resistant) for PWK (CC024 [R]) and B6 (CCO15 [R], CC030 [S], CCO57 [R], and CCO58 [R])
(Fig. 8A and C). There were no genes in this region that had SNP differences that followed
the haplotype effects. The association on Chr 17 contained 64 genes and had a high hap-
lotype effect (more resistant to STm) for PWK (CC024 [R]), NZO (CC013 [S], CC051 [R], and
CCO057 [R]), and CAST (CC015 [R], CCO19 [S], and CCO58 [R]) (Fig. 8A and D). Only one gene
had an SNP difference that corresponded to the haplotype effects.

Tolerance to STm infection was also examined by assigning tolerant strains (CC002,
CC017, CCO38, CC043, CCO72, and CCO78) a score of 1 and susceptible and delayed sus-
ceptible strains a score of 0. A total of 27 CC strains were included in this analysis
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(resistant strains were excluded). This analysis yielded suggestive associations with QTL
on Chr 2 and Chr 6 (Fig. 9 and Table 1). The associated region on Chr 2 contains 618
genes, and NOD (all tolerant: CC072 and CC078) and NZO (all tolerant: CC002 and
CC043) had a high haplotype effect. Thus, strains that had a NOD or NZO allele at this
location were more likely to be tolerant to STm infections (Fig. 9A and 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 identi-
fied (Fig. 9A and Q). While the experiments examining spleen and liver bacterial bur-
dens did not contain enough strains to identify significant associations, the binary
categorizations did not capture enough phenotypic diversity to be significant.
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TABLE 1 QTL associations for spleen and liver colonization and resistance and tolerance categorization after STm infections?

Size (Mb)

QTL Phenotype Chr LOD P Proximal Max Distal Haplotype effect
Resistance 3 8.44 2.07 x 10°¢ 95.34 95.94 100.14 High: NZO, 12951, WSB
Resistance 13 9.37 3.10 x 1077 81.53 81.87 83.81 High: B6, PWK
Resistance 17 6.85 488 x 107> 86.91 88.97 90.81 High: PWK, NZO, CAST
Tolerance 2 79 6.19 x 107° 159.05 168.27 181.43 High NOD, NZO
Tolerance 6 6.53 9.14 x 10°° 114.37 147.33 147.37

Scql Spleen colonization 3 9.64 1.78 x 1077 79.59 93.37 95.95
Liver colonization 13 7.28 211 x10°° 81.83 83.66 83.8 High: NZO, low: B6

aA total of 18 CC strains were included in the spleen and liver colonization QTL, 32 CC strains were in the resistance QTL, and 27 CC strains were in the tolerance QTL. LOD,

Logarithm of the odds; Chr, chromosome.

Transcriptional differences in QTL regions in tolerant versus resistant mice.
RNA-seq analyses on spleen samples of uninfected and infected mice identified differ-
entially expressed genes. Samples from infected animals were normalized to strain-
specific samples from uninfected animals and then tolerant and resistant group means
were compared to identify differential expression across these phenotypes. Data were
normalized to the tolerant group, so a positive value indicates upregulation of a given
gene in the resistant group and a negative value indicates upregulation in the tolerant
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FIG 8 Binary categorization to identify QTLs linked to STm resistance using 32 CC strains. (A) QTL of
resistant categorization (score of 1) versus susceptible, delayed susceptible, and tolerant
categorization (score of 0) after STm infections. (B to D) Allele effect plots zoomed in for Chr 3 (B),
Chr 13 (C), and Chr 17 (D). Results were obtained using gQTL.
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group. Only genes that were at least 2-fold differently expressed across these groups
and statistically significantly different (P < 0.05) were included (552 genes). These
genes were mapped to the QTL regions we identified in the previous section.

Scq1, the QTL region linked to STm spleen colonization that we identified on Chr 3,
contains 533 genes. Five genes from this region were differentially expressed: fibrino-
gen alpha chain (Fga), fibrinogen beta chain (Fgb), fibrinogen gamma chain (Fgg), S100
calcium binding protein A5 (5700a5), and trichohyalin (Tchh) (Table 2). Fga, Fgb, Fgg,
and Tchh were all upregulated in resistant strains, while S700a5 was upregulated in tol-
erant strains. Fga, Fgb, and Fgg are the three subunits of fibrinogen and are involved in
clot formation, wound healing, and microbial resistance and are thus strong candidates
for further study (42). S700a5 is expressed primarily in neuronal bodies (43), and Tchh is
expressed in the tongue and hair (44); neither appears to be involved in the response
to infection. Of the 20 genes found in the QTL linked to liver colonization on Chr 13,
none were differentially expressed in the spleens of tolerant versus resistant mice.

One gene of the 212 genes in the QTL region on Chr 3 associated with spleen colo-
nization (sperm-associated antigen 17 [Spag17]) and 2 predicted genes of the 64 genes
in the QTL region on Chr 17 associated with liver colonization (Gm22346 and Gm23947)
were differentially expressed for the resistance phenotype (Table 2). Spag?7 and
Gm22346 were upregulated in resistant strains, while Gm23947 was upregulated in tol-
erant strains. Spag17 is involved in motility of axonemes, such as sperm flagella and
the cilia of the lung epithelium (45). The two predicted genes linked to resistance are
of unknown function. The QTL linked to resistance to STm infection on Chr 13 overlaps
with the QTL associated with liver colonization on Chr 13 and does not contain any dif-
ferentially expressed genes.

Of the genes located in the suggestive QTL on Chr 2 associated with the tolerance
phenotype, two genes were differentially expressed: WAP four-disulfide core domain
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TABLE 2 QTL associations that contain differentially expressed genes in STm tolerant versus
STm resistant CC mice?

QTL region Gene Fold change (log,)
Scql Fga 7.04
TChr6 Clec2h -6.07
Scql Fgb 5.69
Scq1 Fgg 492
TChré Clec2j -4.27
TChr2 Wfdc13 -4.07
TChr2 Wrfdc10 -3.75
RChr17 Gm23947 -3.50
TChr6 Slco1b2 3.44
TChré Gm19434 -3.43
TChr6 Pzp 334
TChr6 Grin2b -2.93
TChré Gm26826 -2.63
TChré Igsec3 -2.48
TChr6 Mug1 243
R Chr3 Spag17 2.28
TChr6 Gm30524 -2.14
TChr6 Clec4e 2.14
Scql Tchh 213
RChr17 Gm22346 2.09
TChr6 Slcolas -2.03
Scql S100a5 -2.02

9Tolerance was used as the baseline in RNA comparison, so the log,-fold changes that are positive indicate
upregulated in resistant mice and the values that negative indicated upregulated in tolerant mice.

10 (Wfdc10) and WAP four-disulfide core domain 13 (Wfdc13) (Table 2). These genes
have antimicrobial functions and are upregulated in response to exposure to LPS (46).
On the suggestive QTL on Chr 6 associated with tolerance, three predicted genes and
nine genes were differentially expressed (Table 2). C-type lectin domain family 2, mem-
ber h (Clec2h); C-type lectin domain family 2, member J (Clec2j); and C-type lectin do-
main family 4, member e (Clec4e) are members of the same family and are involved in
immunity. Clec2h and Clec2j are upregulated in tolerant strains, while Clec4e is upregu-
lated in resistant strains. Clec2h is expressed in the intestines and is involved in intesti-
nal monitoring (47, 48), while Clec4e is involved in macrophage functioning, as well as
cytokine induction (49). Clec2j function is unknown (50). PZP, a-2-macroglobulin-like
(Pzp) is an immunosuppressive protein often expressed during pregnancy and high
levels are linked with poor outcomes to infection (51, 52). Pzp is upregulated in resist-
ant strains. Solute carrier organic anion transporter family, members 1a5 (S/co7a5) and
1b2 (Slco1b2) are in the same family. SlcoTa5 and Slco1b2 are involved in bile acid and
bile salt transport, and their deletion leads to a buildup of bilirubin in the blood (53,
54). These genes play a key role in drug uptake, specifically in the liver and intestines.
Slcola5 is upregulated in tolerant strains, while Slco1b2 is upregulated in resistant
strains.

Ingenuity pathway analysis revealed pathways involved in response to infec-
tion. RNA sequencing data from both uninfected and infected spleen samples identi-
fied putative pathways involved in the response to STm infection. Ingenuity pathway
analysis (IPA) identified the top canonical pathways (Table 3).

The five pathways with the highest log score were acute-phase response signaling,
LXR/RXR activation, FXR/RXR activation, xenobiotic metabolism PXR signaling pathway,
and LPS/IL-1-mediated inhibition of RXR function (Table 3). Acute-phase response sig-
naling, LXR/RXR activation, and xenobiotic metabolism PXR signaling pathway were
upregulated in resistant mice. LPS/IL-1-mediated inhibition of RXR function was upreg-
ulated in tolerant mice. Acute-phase response signaling, LXR/RXR activation, and FXR/
RXR activation all contained the gene Fga, and acute-phase response signaling con-
tained the genes Fgb and Fgg. Fga, Fgb, and Fgg were also found in the QTL regions
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TABLE 3 Top canonical pathways for spleen RNA-seq comparing tolerant and resistant mice at 3 weeks postinfection identified using
ingenuity pathway analysis®

Ingenuity canonical pathway -Log (P) Ratio z-score Proteins

Acute-phase response signaling 15.00 0.11 1.39 ALB, AMBP, APCS, APOA1, APOA2, APOH, C9, CRP, FGA,
FGB, FGG, HPX, IL36G, MBL2, PLG, SAA1, SAA2-SAA4,
Saa3, SERPINA3, TTR

LXR/RXR activation 14.70 0.14 2.67 ALB, AMBP, APOA1, APOA2, APOB, APOH, C9, FGA, GC, HPX,
IL1R2, ILTRAPL1, IL36G, KNG1, NOS2, SAAT, TTR
FXR/RXR activation 13.20 0.13 NaN ALB, AMBP, APOAT1, APOA2, APOB, APOH, C9, FBP1, FGA,
GC, HPX, IL36G, KNG1, SAA1, SLCO1B3, TTR
Xenobiotic metabolism PXR 743 0.07 1.94 CES3, CES5A, CHST4, CYP2B6, CYP2C8, CYP3A5, ESD, NOS2,
signaling pathway SULT4A1, UGT1A9 (includes others), UGT2B17, UGT2B28,
UGT2B7
LPS/IL-1-mediated inhibition of 6.05 0.05 —-1.13 CHST4, Cyp2a12/Cyp2a22, CYP2B6, CYP2C8, Cyp2d9
RXR function (includes others), Cyp2j5, CYP3A5, IL1R2, IL1RAPL1,

IL36G, SLCO1A2, SLCO1B3, SULT4A1

aThe top five pathways are listed. Genes found in QTL regions are highlighted in boldface. NaN, a z-score cannot be assigned because of the lack of data or because the
known data conflict.

associated with spleen colonization, suggesting that these genes are the most likely to
differentiate between resistance and tolerance.

DISCUSSION

A variety of host immunologic, physiologic, and metabolic factors likely contribute to
differences in disease outcome after exposure to an infectious agent. In previous work, we
described our observations around susceptibility and survival after acute S. Typhimurium
infection in genetically diverse mice (37). However, we found that infection periods longer
than 7 days were required to differentiate tolerant and resistant phenotypes because bac-
terial burden and survival were similar between these strains at 1 week postinfection (31,
32, 37). To differentiate these host disease phenotypes, we infected 18 strains of CC mice,
known to survive acute infection, with STm for up to 3 weeks (37).

Seven of these 18 CC strains did not survive 3 weeks postinfection and thus had a
survival phenotype we called “delayed susceptible.” Six of the remaining strains fit the
criteria for tolerance, surviving infection with a bacterial load that caused serious sys-
temic infection in delayed susceptible strains. Resistant strains were colonized at very
low levels compared to their tolerant counterparts and exhibited no clinical signs of
disease. When all resistant strains were grouped, they had median colonizations of
1.26 x 102 CFU/g in the liver and 2.82 x 103 CFU/g in the spleen at 3 weeks, which is
significantly less than tolerant strains that had medians of 1.29 x 10* CFU/g in the liver
and 1.13 x 10° CFU/g in the spleen (see Fig. S6; both P < 0.0001).

PP and MLN colonization varied across the CC strains was examined. Long-term
STm colonization in mice is linked to the persistence of infection in the reticuloendo-
thelial system, particularly in the MLN (55). In our study, tolerant strains, defined by
persistently higher bacterial load, had significantly more STm in their MLN than did re-
sistant strains, supporting a role for the RE system in long-term colonization.

We previously showed that preinfection baseline core body temperature differs
between strains that survived or were susceptible to acute STm infections. Surviving
strains had cooler preinfection baseline temperatures by ~0.3°C across their resting
periods, active periods, and full 24-h periods (37). This difference did not appear to be
related to higher or lower locomotor activity (37) but could be the result of differences
in metabolism. In our current work, tolerant strains had the lowest baseline core body
temperatures across all three time periods compared to resistant and delayed suscepti-
ble strains. Tolerant strains also had cooler body temperatures compared to strains sus-
ceptible to acute infection by ~0.5°C.

Disruption of circadian patterns of body temperature and activity have previously
been reported during parasitic and viral infections (56, 57). We recently reported that
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circadian patterns of body temperature and activity are disrupted in CC mice acutely
infected with STm (37), and this was also true during the longer postinfection periods
described here. After infection, the time to disrupted circadian patterns for core body
temperature was different between resistant and tolerant strains. Diurnal patterns of
core body temperature were disrupted earlier in strains that were tolerant of STm
infection than in resistant strains. Thus, in tolerant strains that survive STm infection
despite showing signs of disease, we can see earlier symptoms with telemetry that are
not otherwise readily observable (57, 58). Lipopolysaccharide (LPS) injection in rats is
correlated with suppression of biological clock genes (59). Although LPS may contrib-
ute to the circadian pattern disruption in our experiments, different onset and the tim-
ing of pattern disruption in mice with different genetic backgrounds suggest that this
disruption is more complex than previously appreciated.

Circadian patterns of locomotor activity in infected mice were disrupted later than
patterns of core body temperature in all groups of mice (Fig. 3B), although the time to
disruption did not vary between STm tolerant and resistant CC mice. Early disruption
of body temperature rhythms versus other clinical signs has also been observed in SIV-
infected monkeys (57). Detection of circadian pattern disruption was also compared
between temperature and activity for each phenotypic group. Disruption of tempera-
ture patterns was a more sensitive predictor of disease onset for tolerant and delayed
susceptible strains but not for resistant strains.

Differences in the immune response were observable between tolerant and resist-
ant strains. Tolerant strains had a larger rise in white blood cell count driven by a signif-
icantly higher increase in neutrophils than resistant strains after infection with STm.
Neutrophils are part of the innate immune system and are vital to early control of
infections (10). Tolerant animals appear to maintain neutrophilia secondary to pro-
longed infection with STm. Since resistant strains appear to be clearing the infection,
the lower bacterial count may reduce the need for large numbers of neutrophils.
Histopathology showed large numbers of neutrophil infiltration in both spleen and
liver primarily in tolerant mice, suggesting that in this setting STm is perhaps able to
promote and exploit host mediated inflammation for persistence at a systemic site,
much as occurs in the intestine (7, 60).

We discovered three cytokines that were significantly different between tolerant
and resistant strains. IFN-y was increased in both resistant and tolerant strains, but tol-
erant strains had a much larger increase after infection. IFN-y keeps STm at a managea-
ble level for the host, and neutralizing IFN-y results in more rapid replication of STm
increasing the severity of infection (55). Since tolerant strains have such a high level of
IFN-y, this likely contributes to controlling their bacterial burden and perhaps their dis-
ease symptoms.

MCP-1 (CCL-2) is also elevated in STm tolerant mice relative to their resistant coun-
terparts. This CC chemokine is a chemoattractant for monocytes, macrophages, and
also for lymphocytes, NK cells, basophils, and dendritic cells (61) and is produced by
many cell types. Septic human patients also have elevated serum MCP-1 (62), which
can be induced during inflammation by cytokines and chemokines including IFN-yand
other substances such as LPS (63). High levels of MCP-1 have been linked to more
severe organ damage/failure, higher levels of septic shock, and higher mortality (64,
65). Transgenic mice that overexpress MCP-1 are more highly susceptible to infections
with intracellular bacterial pathogens (63, 66). In models with reduced serum MCP-1,
these animals are resistant to infection with Listeria monocytogenes (66). High serum
levels of MCP-1 may blind cellular responses to local levels of MCP-1 (63, 66). Finally,
polymorphisms in the CCL2 gene have been shown to influence the outcomes of infec-
tion with Mycobacterium tuberculosis (67). The MCP-1 elevation in our STm tolerant and
resistant animals are consistent with these findings, and yet the tolerant animals are
able to survive the increased bacterial load that appears to occur with elevated MCP-1.
Since STm resides and replicates in monocytes, high levels of MCP-1 may not be pro-
tective (68).
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Finally, ENA-78, decreased in tolerant mice and increased in resistant mice, is a neu-
trophil chemoattractant (69). Tolerant strains have a significantly higher number of cir-
culating neutrophils than resistant strains, despite having less circulating ENA-78.
Hepatocytes secrete ENA-78 in response to bacterial invasion or tissue damage (70).
Hepatocytes in tolerant strains may be creating the proper chemokine gradients that
would attract an influx of neutrophils into the liver, while resistant strains that have
started clearing bacteria and repairing damage no longer need an influx of neutrophils
(41, 70). Further experiments are required to confirm the role of this cytokine.

Tolerance to infectious agents has been hypothesized to correlate with reduced
damage in infected tissues (33). In our experiments, tolerant strains had milder tissue
damage than strains that were susceptible to acute STm infection only in spleen at
7 days postinfection (see Fig. S4) (37). However, strains that tolerated STm infection
had equivalent tissue damage at 1 and 3 weeks postinfection, showing no evidence of
repair (Fig. 6), whereas resistant mice appeared to be actively repairing tissue damage
by the 3-week time point. Furthermore, tolerant strains, which were colonized with
STm at similar levels to delayed susceptible strains, had tissue damage that was as
severe as tissue damage in DS strains. Tissue damage and repair have been linked to
tolerance for other pathogens, and yet we did not observe this (71, 72). Our findings
suggest that in our system, tissue damage and repair do not appear to distinguish tol-
erance from other phenotypes. Tolerance to STm infections likely relies on other physi-
ologic, immunologic, and metabolic mechanisms (30, 72).

We used QTL analysis to identify genetic regions associated with resistance, tolerance,
and in STm colonization of the spleen and liver. We identified one significant association
with spleen colonization, multiple associations with resistance and tolerance, and one sug-
gestive association with liver colonization. However, the small number of CC strains used
and the lack of normal distribution of data did not allow us to pinpoint individual genes
responsible for these associations (73). RNA-seq on infected spleen allowed us to identify
genes that are differentially expressed in tolerant versus resistant strains in response to
STm infection, and to identify where these genes overlap our QTL regions. Fourteen of the
22 genes that were differentially expressed between tolerant and resistant strains that are
located in QTL regions were associated with tolerance. For the suggestive association with
tolerance found on Chr 6, C-type lectin domain family 2 member H (Clec2h) was the most
highly differentially expressed gene between tolerant and resistant strains. Clec2h (also
known as C-type lectin-related [Clr-f]) is expressed in the ileum, kidney, and liver and in
IL-2-activated natural killer cells (50, 74) and plays a role in immune surveillance of the in-
testinal lumen (48). We show that Clec2h is also expressed in spleen. Clec2h may facilitate
bacterial detection in the spleens in tolerant mice, and thus helping them mount an
appropriate immune response to STm. Alternatively, detection of Clec2h could result from
a large influx of natural killer cells to the spleen in response to the presence of STm.
Further work may identify the cell types expressing Clec2h during STm infection.

Fga, Fgb, and Fgg are three of the most highly upregulated genes in the spleens of re-
sistant mice and are associated with reduced spleen colonization and the QTL on Chr 3,
Scq1. Fibrinogen is important in countering initial bacterial colonization by forming a ma-
trix that traps bacteria and by recruiting and activating immune cells (42). Fibrinogen
kinetics (formation and degradation) are also vital to wound healing; our histopathology
analysis suggests the presence of microabscesses in both spleen and liver that require
healing (42). Fibrinogen is also important in bacterial defense. Several bacterial species suc-
cessfully modify fibrinogen to improve their proliferation, particularly S. aureus, supporting
an evolutionary battle between fibrinogen and bacteria (75). STm infections can alter
kinetics of thrombus formation (clots) in the spleen and liver, further supporting an inter-
action between fibrinogen and STm (76). In our work, the fibrinogen genes were some of
the most highly differentially expressed genes, suggesting that high fibrinogen expression
is a previously unknown resistance mechanism.

We had previously defined and characterized a group of collaborative cross strains
that are highly susceptible to acute STm infection and identified several regions of the
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mouse genome involved (37). In the present study, we identified multiple phenotypes
in response to long-term STm infection—delayed susceptibility, tolerance, and resist-
ance—and characterized several hallmarks of these phenotypes. STm tolerant CC
strains have lower core body temperature preinfection and higher, more persistent
bacterial colonization than resistant strains with minimal clinical signs of disease.
Disruption of the core body temperature diurnal rhythm of tolerant animals is a very
early sign of disease, while gross disruptions in locomotor activity occur with a >24-h
lag. During long-term infection, tolerant strains develop and do not repair damage in
the spleen and liver, maintain neutrophilia, have elevated levels of circulating MCP-1
and IFN-y, and show a reduction in ENA-78 relative to resistant strains. High expression
of Clec2h, located on the QTL on Chr 6, is correlated with tolerance, and the mechanis-
tic basis underlying this association remains to be explored. Finally, we show that mul-
tiple fibrinogen genes on the QTL Scq? on Chr 3 are highly expressed in resistant
strains, potentially revealing a new pathway involved in resistance to Salmonella infec-
tion. While host factors involved in host-pathogen interactions in this work may define
the phenotypes we have described here, nongenetic factors (microbiota, for example)
could contribute to some of the phenotypes we observed. This idea will be explored in
future work.

MATERIALS AND METHODS

Bacterial strains and media. The Salmonella enterica serovar Typhimurium strain (HA420) used for
this study was derived from ATCC 14028. HA420 is a fully virulent, spontaneous nalidixic acid-resistant
derivative of ATCC 14028 (77). Strains were routinely cultured in Luria-Bertani (LB) broth and plates, sup-
plemented 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 nali-
dixic acid and diluted to generate an inoculum of 2 x 107 to 5 x 107 organisms in 100 L. Bacterial cultures
used as inoculum were serially diluted and plated to enumerate CFU to determine the exact titer.

Murine strains. Collaborative-cross (CC) mice were used in these experiments. All CC strains were
obtained from UNC's Systems Genetics Core Facility (SGCF) and either used directly for experiments or
subsequently bred independently at the Division of Comparative Medicine, Texas A&M University, prior
to these experiments. Our experiments utilized 18 strains of CC mice, with 3 females and 3 males per
strain, for a total of 112 mice (CC045 only had 2 females due to an experimental complication) (see
Table S4). Mice were fed Envigo Teklad Global 19% protein extruded rodent diet (irradiated, 2919) or
Envigo Teklad rodent diet (8604) based on strain need.

Ethics statement. All animal experiments were conducted in accordance with the Guide for the Care
and Use of Laboratory Animals and with the approval of the TAMU Institutional Animal Care and Use
Committee (IACUC) under animal use protocol numbers: AUP 2018-0488 D and 2015-0315 D.

Placement of telemetry devices. Five- to nine-week-old CC mice were anesthetized with isoflurane
anesthesia. The abdomen was opened with a midline abdominal incision (up to 2 cm). Starr Life
Sciences G2 E-mitter devices were loosely sutured to the ventral abdominal wall as previously described
(37) to continuously monitor core body temperature and activity. Implanted mice were group housed
and monitored twice daily for signs of pain and to ensure wound closure for 7 days postsurgery. Any ani-
mals found to have serious complications after surgery were humanely euthanized. Clips were removed
at 7 days postsurgery.

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 x 107 to 5 x 107
CFU of S. Typhimurium HA420 in 100 L of LB broth as previously described (37). 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 postinfection.

Bacterial load determination. Mice were humanely euthanized by CO, asphyxiation, and the
spleen, liver, ileum, cecum, colon, Peyer’s patches, and MLN were collected. A third of each organ was
collected in 3 mL of ice-cold phosphate-buffered saline (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
MLN were collected whole. The 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 contain-
ing 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 mi-
nute) data was initiated. Body temperature and gross motor activity data were collected for 7 days from
uninfected mice. Mice were removed briefly from the receiver platforms for infection and then placed
back on the platforms, and data collection was resumed. Infected animals were continuously monitored
by telemetry in addition to twice daily visual monitoring.
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Identification of deviation from circadian pattern of body temperature. Additional clinical infor-
mation, 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, 7 days after the beginning of monitoring).

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

Each mouse time series was preprocessed using a moving median filter with a 1-day window. For a
specific minute t, the median collection of temperature values from [t-720, t+720] was used in calculat-
ing a median for the value t. After this processing, healthy variation was defined as any temperature fall-
ing within the range of minimum to maximum values during the preinoculation phase [T-5760,T] (5,760
min = 4 days). This choice allowed for enough data to account for natural interday variation due to
potential factors such as interstrain 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 (see Fig. S5A).

Identifying postinoculation off-pattern behavior was done by identifying temperature values that
fall outside the interval of healthy variation. The postinoculation interval ranges from [T+60,T+30240]
(21 days), where the 1 h gap was used to avoid false-positive detection due to the physical disturbance
associated with inoculation (see Fig. S5A).

Detection of deviation from circadian pattern of activity. While activity data do exhibit circadian
patterns, these data necessitated a different approach to preprocessing compared to temperature data
because activity values are inherently nonnegative and have a modal value of 0. Two approaches were
taken. One was from the perspective of parameter estimation of independent and identically distrib-
uted sampling from a statistical distribution. The second approach was based on plainly calculating the
fraction of nonzero activity values measured in a moving window. Hence, we approached the analysis of
activity data from the perspective of determining the parameters of a stochastic process. In the first
approach, for a given 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

where the coefficient 3, expected to be negative, corresponds to the modeling assumption that the rel-
ative drop in observed activity counts ought to decay (note 0 < eAB < 1 if B is negative). For instance,
if the value of B = —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 B ~ -0.025 to B ~ -0.015, representing that
observed activity values decay by half around every 27 to 46 values.

This theory is implemented in practice by windowing a mouse’s activity time series, creating a bin-
ning (empirical distribution) [i, c(i)], the performing a log-linear fit by transforming c(i) — In[1 + ()] and
applying linear least-squares regression to calculate @ and . Statistical models with simpler assump-
tions stemming from a “memoryless” assumption were attempted but did not yield any feasible agree-
ment with the observed activity data (see Fig. S5B).

The second approach mentioned above produced a qualitatively cleaner signal, which again is based
on windowing a mouse’s activity time series and calculating the fraction of activity values in a window
for which A(t) > 0. One might expect not weighting by intensity of activity loses information, but we
saw this approach to filtering activity data resulted in a time series for which we could apply the same
methods as with the temperature time series (see Fig. S5B).

Histopathology. After euthanasia, liver, spleen, ileum, cecum, and colon samples from each mouse
were collected and fixed in 10% neutral buffered formalin at room temperature for 24 h, stored in 70%
ethanol before embedding in paraffin, sectioned at 5 um, and stained with 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 (see Table S3). The combined scores
of spleens and livers from individual mice were used to calculate the medians and interquartile ranges
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 Il 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 a complete blood count
(CBC) 1 week prior to surgery for the preinfection sample. Blood from infected animals was collected at
necropsy by cardiac puncture. Blood was collected from additional uninfected control animals by car-
diac 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 according to the manufacturer’s instructions (Thermo
Fisher). Briefly, magnetic beads were added to each well of the 96-well plate and washed on the Bio-
Plex Pro wash station. Then, 25-uL samples and standards were added to the plate, along with 25 uL of
universal assay buffer. Plates were shaken at room temperature for 1 h and washed. Next, 25 uL of
detection antibody was added, followed by incubation for 30 min and then washed away, followed in
turn by 50 ul of streptavidin-PE for 30 min and washed away. Then, 120 uL of reading buffer was added,
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and the plates were evaluated using a Bio-Plex 200 (Bio-Rad). Samples and standards were assayed in
duplicate, and samples were diluted as needed to get 25 uL of serum per duplicate. The kit screens for
the following 36 cytokines and chemokines: IFN-y, IL-12p70, IL-13, IL-18, IL-2, IL-4, IL-5, IL-6, TNF-a, GM-
CSF, IL-18, IL-10, IL-17A, IL-22, IL-23, IL-27, IL-9, GRO«, IP-10, MCP-1, MCP-3, MIP-1a, MIP-18, MIP-2,
RANTES, eotaxins, IFN-¢, IL-15/IL-15R, IL-28, IL-31, IL-1¢, IL-3, G-CSF, LIF, ENA-78/CXCL5, and M-CSF.
Median values of uninfected animals for each strain were used as the baseline for that strain.

QTL analysis. gQTL, an online resource designed specifically to identify CC QTLs, was used to find
putative QTL associations (78). Briefly, median values of each strain for various parameters were
uploaded to the website, and QTL analysis was performed using 1,000 permutations with “automatic”
transformation. Automatic transformation picks either log or square root transformations, whichever
best normalizes the data.
Transcriptomic analysis. Spleen tissue was collected from all animals of all lines at necropsy, snap-
frozen in liquid nitrogen, and stored in a -80°C freezer until RNA-seq could be performed. 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 was adapted from the Molecular Genomics Core, and TIGSS
personnel aided in data acquisition and plot generation. Spleens were homogenized in TRIzol. RNA sam-
ples were quantified with a Qubit Fluorometer (Life Technologies) with a broad-range RNA assay, and
concentrations were normalized for library preparation. RNA quality was verified on an Agilent
TapeStation with a broad range RNA ScreenTape. Total RNA sequencing libraries were prepared using
the lllumina TruSeq stranded mRNA-seq preparation kit. Barcoded libraries were pooled at equimolar
concentrations and sequenced on an lllumina NovaSeq 6000 2 x 150 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.
The Colorado State University team performed data processing of the RNA-seq using a pipeline con-
sisting of STAR alignment (79), FeatureCounts (80), and then DeSeq2 R package was used for differential
gene expression analysis (81). The STAR alignment and FeatureCounts were done using mouse genome
version GRCm38 Ensembl version 100 available from Ensembl (82). All infected samples were normalized
to their uninfected control samples (or an average uninfected control if no strain specific samples were
available). These strain values were then grouped by infection response and a tolerant or resistant mean
was used for comparisons between the groups. Tolerant was then set as the baseline, so genes with pos-
itive values were upregulated in resistant strains and downregulated in tolerant strains, while genes
with negative values were downregulated in resistant strains and upregulated in tolerant strains.
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