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Resistance of Mice of the 129 Background to Yersinia pestis Maps to
Multiple Loci on Chromosome 1

Michael Tencati, Richard I. Tapping

Department of Microbiology, College of Medicine, University of lllinois at Urbana—Champaign, Urbana, lllinois, USA

Yersinia pestis is a Gram-negative bacterium that is the causative agent of bubonic and pneumonic plague. It is commonly
acquired by mammals such as rodents and humans via the bite of an infected flea. We previously reported that multiple
substrains of the 129 mouse background are resistant to pigmentation locus-negative (pgm™) Yersinia pestis and that this
phenotype maps to a 30-centimorgan (cM) region located on chromosome 1. In this study, we have further delineated this
plague resistance locus to a region of less than 20 cM through the creation and phenotyping of recombinant offspring aris-
ing from novel crossovers in this region. Furthermore, our experiments have revealed that there are at least two alleles in
this initial locus, both of which are required for resistance on a susceptible C57BL/6 background. These two alleles work in
trans since resistance is restored in offspring possessing one allele contributed by each parent. Our studies also indicated
that the Slcl1al gene (formerly known as Nramp1) located within the chromosomel locus is not responsible for conferring

resistance to 129 mice.

he Gram-negative bacterium Yersinia pestis is the causative

agent of bubonic and pneumonic plague. Responsible for sev-
eral global pandemics and millions of deaths, including the “Black
Death” of the Middle Ages, Yersinia pestis is still an active global
threat. While present-day outbreaks involve far fewer cases, they
are still of concern, especially since around 10% of bubonic plague
cases proceed to the pneumonic form, which both spreads more
easily and is much harder to treat given its rapidly manifested
severity (1). Indeed, a recent outbreak in Madagascar is associated
with 263 cases and 71 deaths, and a previous outbreak in 2011
involved the pneumonic form (2). In addition, antibiotic resis-
tance to Y. pestis has been documented and there is no vaccine
currently licensed for the prevention of plague in the Western
world (3).

Historically, the majority of studies of Y. pestis have focused on
chromosomal genes or virulence plasmids of the bacteria that
contribute to pathogenicity. Many of these so-called virulence fac-
tors have also been considered potential vaccine targets. For ex-
ample, antibodies to the capsular F1 antigen and the low-calcium-
response V antigen (LcrV) have been shown to confer immunity
against plague (4-6). More recently, several groups have begun to
focus on the interaction between the bacteria and specific host cell
types. It has been shown that the bacteria can survive and replicate
in both macrophages and neutrophils (7, 8) and that they can
disseminate to the draining lymph node nearest the site of flea bite
within an hour (9). However, relatively few studies have investi-
gated host factors and responses that may confer resistance to
infection.

It would be expected that a pathogen as lethal as that causing
plague would exert a high evolutionary pressure on its host pop-
ulations. Indeed, rats in areas of plague endemicity have been
shown to resist infection, and this resistance has been shown to be
heritable (10). We therefore chose to use inbred mice as a model to
identify genes that may confer resistance against plague. We and
others subsequently identified several inbred strains of mice that
are resistant (11-14). Resistance of the 129 line was first identified
by Congleton et al. in a pigmentation locus-negative (pgm ™) in-
fection model of plague (11) but not for a fully virulent Y. pestis
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strain. The resistance is observed in multiple substrains of this
line, and further studies by our laboratory have localized a major
portion of the resistance phenotype to chromosome 1. This locus
was initially discovered while looking into reports that interleu-
kin-10 (IL-10) knockout mice were resistant to plague (15). We
found that these mice possess a large portion of chromosome 1
from the 129 background and that it was this, in addition to the
loss of the IL-10 allele, that contributed to improved survival (13).
The goal of this study was to determine which genes on chromo-
some 1 might be involved in the resistance phenotype. To this end,
we continued to backcross this locus onto the susceptible C57BL/6
background in order to identify offspring with novel crossovers
that could then be tested for resistance. We found that the initial
locus segregates into two separate loci, both of which are required
to confer resistance.

MATERIALS AND METHODS

Bacteria. The bacterial strain used in this study was Y. pestis KIM D27
(pgm ™), cultured as described previously (13). Bacteria were grown over-
night in Luria broth (LB) at 25°C. After overnight growth, bacteria were
diluted 1:10 in LB and grown to mid-exponential phase (optical density at
600 nm of ~0.4). Bacteria were collected by centrifugation, washed twice,
and serially diluted in phosphate-buffered saline (PBS) to the appropriate
concentration. For all experiments, mice were intravenously infected via
the caudal tail vein with a 200-p.l inoculum. The actual dose given was
ascertained by plating the inoculum on heart infusion agar plates incu-
bated at 25°C.
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Mice. All experimental mice were between 6 and 12 weeks of age, and
only female mice were used. All intercrosses were performed in our Ani-
mal Research Facility at the University of Illinois at Urbana—Champaign.
C57BL/6] mice were purchased from the Jackson Laboratory (Bar Harbor,
ME) and were bred with our previously described 129 congenic strains
(13). 129/Sv Slc11al ~/~ mice (also known as 12956-Slc11al1"™™M<8) were
obtained from P. Gros (McGill University, Montreal, Quebec, Canada).
All congenic strains were backcrossed a minimum of 10 times to C57BL/
6]. All experiments were approved by the University of Illinois at Urbana-
Champaign Institutional Animal Care and Use Committee. For survival
experiments, animals were monitored at least twice daily and culled in a
timely fashion upon reaching a moribund state.

Genotyping. For congenic strains, mice were genotyped using micro-
satellite markers on DNA isolated from ear punches. PCRs were run
on 3.3% agarose gels. Markers used included D1Mit303, D1Mit251,
D1Mit19, D1Mit7, D1Mit46, D1Mit253, D1Mit134, D1Mit439, D1Mit49,
D1Mit48, DIMit305, DIMitl0, DI1Mit45, DIMitl87, DIMit54,
D1Mit135, D1Mit157, D1Mit94, D1Mit494, D1mit495, and D1Mit286.
The maximum interval between markers used was less than 3 centimor-
gans (cM) and was chosen in an effort to avoid confounding due to double
crossovers. The exact marker sequences can be found online through the
MGI database.

Enumeration of bacterial titer. Infected mice were sacrificed 60 h
postinfection by, asphyxiation. Spleens were removed aseptically and
weighed. Organs were homogenized in Stomacher bags and serially di-
luted in PBS. Bacterial burden was determined by plating the dilutions on
LB agar plates and incubating them at 23°C for 3 days.

Flow cytometry. The protocol followed has been previously de-
scribed (16). Briefly, spleens were removed aseptically approximately
60 h postinfection following CO, asphyxiation. They were homoge-
nized in 10 ml of RPMI 1640 and then centrifuged, followed by red
blood cell lysis performed using 2 ml of 150 mM NH,CL. The unlysed
cells were then resuspended in a PBS-based buffer containing bovine
serum albumin (BSA) and sodium azide; cell numbers were enumer-
ated and found to be similar across all samples. The following anti-
bodies from Fisher/BD were then used for staining: allophycocyanin-
conjugated anti-CD45 for all hematopoietic cells, fluorescein
isothiocyanate-conjugated anti-CD4 and phycoerythrin-conjugated anti-
CD8 for T cells, fluorescein isothiocyanate-conjugated anti-CD19 for B
cells, phycoerythrin-conjugated anti-NK1.1 for NK cells, and phycoeryth-
rin-conjugated anti-Ly-6G for neutrophils. Phycoerythrin-conjugated
anti-F4/80 for macrophages was purchased from BioLegend. Cells were
incubated on ice for 1 h with appropriate antibodies and then washed and
resuspended in a PBS-paraformaldehyde mixture. For each sample, at
least 20,000 events were counted. After an initial gating on CD457 cells,
samples were analyzed by forward and side scatter, followed by analysis of
positive cell populations for each stain.

Statistics. Survival curves were generated using GraphPad Prism 6,
and reported significance was measured by a log rank (Mantel-Cox)
test. Results were also assessed for significance using either the log-
rank test for trend or the GBW (Gehan-Breslow-Wilcoxon) test, and
the results matched the findings of the Mantel-Cox test in each case.
For splenic bacterial load experiments and comparisons of flow cy-
tometry data, P values were calculated using an unpaired ¢ test in
GraphPad Prism 6.

RESULTS

The region between D1Mit251 and D1Mit494 is required for
resistance. We previously identified a plague resistance locus
on chromosome 1 of mice of the 129 background. This locus
resides between markers D1Mit303 and D1Mit286 and covers
approximately 25 cM. Resistant mouse lines that had been pre-
viously challenged intravenously with a high dose of Yersinia
pestis showed a survival rate of about 60% (13). In an attempt to
further define the genomic region required for plague resis-
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tance, we backcrossed resistant mice with C57BL/6 mice and
screened for offspring with novel crossovers that maintained
only a portion of the resistant region. These mice served as
founders to generate new lines that were then tested in our
model (Fig. 1). The first of these sublines, containing the great-
est amount of parental 129 DNA, was line 4, which possesses
129 DNA between markers D1Mit251 and D1Mit19 proximally
and between markers D1Mit94 and D1Mit494 distally, thereby
spanning a region of 16.7 to 19.7 cM. Challenged intravenously
with a dose of 10° Y. pestis KIM D27, line 4 mice exhibited a
survival rate of around 60%, whereas littermate control C57BL/6
mice generally all succumbed to the infection (Fig. 2; P < 0.005 for
each experiment). These results are consistent with those deter-
mined with the resistant mice profiled in our initial study (13).

Congenic lines maintaining the distal end of the region do
not exhibit resistance. We next attempted to examine the con-
tribution of the proximal side of the region to resistance to Y.
pestis KIM D27 by generating novel crossovers in offspring
from our resistant lines. These new lines were denoted lines 7,
5,8, and 240 (Fig. 1). Line 7 possesses 3.2 to 5.5 cM of 129 DNA
between markers D1Mit187 and D1Mit54 proximally and be-
tween markers D1Mit495 and DMit286 distally. Line 5 harbors
11.8 to 14.5 cM of 129 DNA between markers D1Mit439 and
D1Mit49 proximally and between markers D1Mit495 and
D1Mit286 distally, whereas line 8 has 14.6 to 16.5 cM of 129
DNA between markers D1Mit253 and D1Mit134 proximally
and between D1Mit495 and D1Mit286 distally. As shown in
Fig. 3, none of these new lines are resistant in our infection
model, as neither the overall survival results nor time-to-death
results were significantly different from those determined for
the littermate C57BL/6 control mice in these experiments.

Line 240 mice harbor 129 DNA between markers D1Mit253
to DIMit134 proximally and D1Mit94 to D1Mit494 distally,
which spans a region of 13.5 to 15.2 ¢tM. As shown in Fig. 3G
and H, these mice also failed to exhibit significant resistance in
our infection model. Taken together, these results imply that
there is a region in the proximal side of our locus, somewhere
between DIMit251 and D1Mit134, that is required for confer-
ring resistance to Y. pestis.

Congenic lines maintaining the proximal end of the region
do not exhibit resistance. Since the distal portion of the region
was insufficient by itself to confer resistance to Y. pestis, we
therefore screened and generated lines that would enable us to
examine the contribution of the proximal region to the resistance
phenotype. Line 46 harbors 1.8 to 5.9 ¢M of 129 DNA between
markers D1Mit251 and D1Mit19 proximally and between mark-
ers DIMit253 and D1Mit134 distally, while line 232 possesses 6.7
t0 9.7 cM of 129 DNA between markers D1Mit251 and D1Mit19
proximally and between markers D1Mit48 and D1Mit305 distally.
As shown in Fig. 4, neither of these lines demonstrated resistance
in our infection model. This result implies that a chromosomal
region required for resistance exists between D1Mit48 and
D1Mit494. Combined with the data from the congenic lines pre-
sented in Fig. 3, these results indicate that there are multiple genes
required for the resistance phenotype of our parental mice.

Slcl1al is not required for resistance in a 129 background. In
a previous study, we had attempted to determine whether the
resistance of 129 mice might be due to Slcllal (formerly
known as Nrampl), since this gene resides at one end of the
resistance locus and is known to play a role in resistance to
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1310 56.9 IL-10

FIG 1 Schematic diagram of congenic lines used in this study. For each congenic strain, the thick black lines represent DNA from the 129 background and
thin black lines represent DNA from the C57BL/6 background. White lines demarcate boundaries within which a crossover event has occurred as
determined using chromosomal markers (shown). Physical and linkage distances are also shown for chromosome 1. Mbp, megabase pairs; cM, centi-
morgans.

infection by intracellular bacteria (13). Importantly, Slc11alis mice were then tested in our KIM D27 infection model. These

known to be nonfunctional in several inbred mouse strains
such as C57BL/6] mice, but 129 mice harbor the resistant ver-
sion of the allele (17). Since the resistance in our model acts in
a dominant fashion, a functional allele of Slc11al was crossed
into the nonresistant C57BL/6] mouse background and these

mice exhibited no resistance, so it was concluded that a func-
tional version of Slcllal was not associated with resistance
(13). Our recent finding that at least two separate loci are re-
quired to confer resistance means that Slcllal could still be
involved despite not being sufficient by itself. In order to ad-
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FIG 2 A region of chromosome 1, defined by congenic line 4, confers resistance to Y. pestis KIM D27. Line 4 mice and C57BL/6 littermate controls were infected
intravenously (i.v.) with 10? Y. pestis bacteria and monitored for survival for 15 days. Panels A and B are representative of the results of multiple experiments. For
panel A, both groups contained 12 mice; for panel B, groups of 8 C57BL/6 mice and 12 line 4 mice were used. Data in both graphs are statistically significant (P <
0.005) as determined by either log-rank analysis or overall survival.
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FIG 3 Congenic mice which possess 129 DNA from the distal end of the region are not resistant to Y. pestis infection. Mice of line 7 (A and B), line 5 (Cand D),
line 8 (E and F), or line 240 (G and H), along with C57BL/6 mice, were infected with 10° Y. pestis KIM D27 bacteria and monitored for survival for 15 days. For
each panel, the following mouse numbers were used: for panel A, 6 C57BL/6 and 10 line 7 mice; for panel B, 5 C57BL/6 and 25 line 7 mice; for panel C, 6 C57BL/6
and 13 line 5 mice; for panel D, 6 C57BL/6 and 19 line 5 mice; for panel E, 9 C57BL/6 and 7 line 8 mice; for panel F, 11 C57BL/6 and 9 line 8 mice; for panel G,
10 C57BL/6 and 6 line 240 mice; and for panel H, 14 C57BL/6 and 7 line 240 mice. Compared to littermate C57BL/6 mice, none of the lines were resistant to Y.

pestis as determined by either log-rank analysis or overall survival.

dress this, we obtained 129 mice that had had their copy of
Slcllal knocked out (a generous gift from Philippe Gros,
McGill University) in order to mimic the situation in C57BL/6
mice (18). Tested in our model of Y. pestis KIM D27 infection,
these 129/Sv Slcl11al ™/~ mice were fully resistant to infection

October 2016 Volume 84 Number 10 Infection and

(P < 0.005), indicating that the active allele of Slcl1al is not
required for plague resistance on the 129 background (Fig. 5).
Since B6129SF1/] mice are more resistant than line 4 mice,
which harbor the region determined by us, it is possible that
Slcllal is still important in our congenic mice but is not re-
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FIG 4 Congenic mice which possess 129 DNA from the proximal end of the region are not resistant to Y. pestis infection. Mice from either line 232 (A and B)
or line 46 (C and D), along with C57BL/6 littermate controls, were infected with 10® Y. pestis KIM D27 bacteria and monitored for survival for 15 days. For each
panel, the following mouse numbers were used: for panel A, 10 C57BL/6 and 8 line 232 mice; for panel B, 7 C57BL/6 and 10 line 232 mice; for panel C, 15 C57BL/6
and 10 line 46 mice; and for panel D, 10 C57BL/6 and 5 line 46 mice. Compared to littermate C57BL/6 mice, none of the lines were resistant to Y. pestis as

determined by either log-rank analysis or overall survival.

quired in the full 129 background due to other genetic factors
that influence resistance.

The proximal and distal regions of the locus can act in trans
to confer resistance. We next sought to determine whether the
two subregions of the larger locus could act in trans to restore
resistance or whether they needed to act in cis through colocal-
ization on the same chromosome. Mice carrying the proximal
region (line 46) were bred with lines carrying the distal region
(line 240; see Fig. 1). The resulting offspring were then tested in
our KIM D27 infection model. As shown in Fig. 6, mice carry-
ing both portions of the region were resistant whereas those
that harbored only one portion did not demonstrate resistance.

This result was statistically significant for both experiments
(P < 0.005). The parental origin of each region did not make
any difference with respect to the observed result (data not
shown). These results demonstrate that two independent sub-
regions of the original locus can act in frans to confer resistance
to Y. pestis.

Splenic bacterial load correlates with survival. In an attempt
to find a surrogate endpoint to survival, as well as to get an idea
of the kinetics of the infection, mice were sacrificed at a given
time point postinfection with Y. pestis and splenic CFU counts
were calculated. Our initial study indicated that there was not a
significant difference in splenic CFU counts between resistant
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FIG 5 Slcllal is not required for resistance to Y. pestis KIM D27 in mice of the 129 background. 129 mice with the Slc1lal gene knocked out (129/Sv
Slcl1al~’7), along with C57BL/6 mice, were infected with 10° Y. pestis bacteria and monitored for survival for 15 days. Panel A represents 10 mice per group,

while panel B represents 7 mice per group (P < 0.005 for both experiments).
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FIG 6 Two subregions of 129 DNA act in trans to restore resistance to Y. pestis infection. Various mouse lines, along with C57BL/6 mice, were infected with 10°
Y. pestis KIM D27 bacteria and monitored for survival for 15 days. Data in panels A and B represent 10 C57BL/6, 9 line 4, 13 46 X 240, 10 line 46, and 10 line 240
mice. Data in panels C and D represent 13 C57BL/6, 13 line 4, 15 46 X 240, 11 line 46, and 15 line 240 mice. Panels A and B represent a single experiment, while
Cand D represent a second single experiment. Compared to C57BL/6 mice, both line 4 and line 46 X 240 mice were resistant to Y. pestis by either log-rank analysis
or by overall survival (P < 0.005). As before, neither line 46 nor line 240 mice were resistant.

129 mice and susceptible C57BL/6 mice until 2 days postinfec-
tion. In order to maximize our ability to detect a difference
while protecting mice from unnecessary suffering or death, we
chose 2.5 days postinfection for this study. Livers were not
tested since there was no significant difference in bacterial load
in this organ observed at any time point in our previous study
(13). Since our resistant lines generally exhibit around 60%
resistance, we expected several line 4 mice to have lower bacte-
rial counts than the C57BL/6 controls, although some might be
expected to exhibit levels similar to those seen with susceptible
mice and would represent those mice not expected to have
survived had this experiment been continued (for survival de-
terminations) to death as an endpoint. As shown in Fig. 7A, this
is exactly what was observed. In this experiment, 5 line 4 mice
were tested, and while 2 had bacterial loads similar to those of
the C57BL/6 control, the bacterial loads in 3 mice were drasti-
cally lower. The difference in the means between the levels
determined for the C57BL/6 mice and the line 4 mice was sig-
nificant (P < 0.05), and this result is consistent with those of
multiple repeat experiments.

We next tested some of the sublines for their ability to control
bacterial load. Mice from lines 240 and 46 were tested in our Y.
pestis model and did not exhibit a significant difference in bacterial
load from the C57BL/6 mice (Fig. 7B and C). While they both
tended to show a trend toward reduced colony counts, this was
not necessarily unexpected, as we believe each region contains at
least 1 factor that helps the parental 129 mice achieve resistance to
Y. pestis infection. In repeat experiments, line 46 appeared to con-
fer an ability to maintain lower bacterial loads than line 240. This
potentially indicates that the smaller line 46 locus makes a greater
contribution to control of Y. pestis growth than the larger, more
distal line 240 locus. The survival results indicate that neither line
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confers enough of a benefit in the control of bacterial growth to
improve survival in this Y. pestis model.

Mice possessing both portions of the region in trans, with each
contributed by a different parent, did exhibit a significant reduc-
tion in bacterial load (Fig. 7D; P < 0.05). Importantly, variations
in the data show that some of the line 46 X 240 mice exhibited the
higher bacterial loads which would be expected to correlate with
mice that succumb to Y. pestis in the survival assay.

Assessment of splenic leukocyte infiltrates. We next sought to
determine if differences in the numbers of infiltrating splenic leu-
kocytes might be the cause of the resistance phenotype. To assess
this, mice were infected with Y. pestis KIM5 and spleens were
harvested 2.5 days postinfection. As shown by Fig. 8, flow cytom-
etry of splenic cells revealed no significant differences in the per-
centage of B cells, T cells, macrophages, neutrophils, or NK cells
between resistant line 4 mice and susceptible C57BL/6 mice. The
total numbers of leukocytes in the spleens of infected mice were
also similar (data not shown). It therefore appears that the resis-
tance phenotype is not due to gross differences in the immune cell
infiltration of the spleen during infection.

DISCUSSION

The application of forward genetic methods in mouse models of
infection has proven to be a powerful approach for the identifica-
tion of novel genes involved in immune defense. For example, this
approach has enabled the identification of the Slc11al and TLR4
genes, which were originally linked to the Ity-Lsh-Bcg locus and
the lipopolysaccharide (LPS) locus, respectively (19-22). In the
context of mouse models of infection, the main advantages of a
forward-genetics approach in comparison to reverse genetics are
that there is an established phenotype and that any changes seen
are known to be physiologically relevant. The greatest drawback is
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FIG 7 Resistance to infection correlates to reduced bacterial load in the spleen. Various mouse lines, along with C57BL/6 mice, were infected with 10° Y. pestis
KIM D27 bacteria, and spleens were harvested 60 h postinfection. The following mouse numbers were used: for panel A, 4 C57BL/6 and 5 line 4 mice; for panel
B, 5 C57BL/6 and 5 line 46 mice; for panel C, 4 C57BL/6 and 5 line 240 mice; and for panel D, 4 C57BL/6 and 7 46 X 240 mice. Data in panels C and D represent
parts of the same experiment, and thus only 4 C57BL/6 mice in total were used for those two panels. Results are representative of 3 independent experiments.
Horizontal lines represent the mean for each group. Asterisks indicate significant differences between groups as determined by Student’s ¢ test where P is <0.05;

NS = not significant.

that infection phenotypes are often caused by multiple genetic
changes which are either lost or greatly reduced with respect to the
magnitude of the phenotypes in attempting to ascribe them to a
single gene. Our work here illustrates both these advantages and
disadvantages.

The initial investigation of our Y. pestis resistance locus re-
vealed a broad linkage association that spanned most of chromo-
some 1 (13). The lack of a sharp peak in the linkage analysis im-
plied either the use of an insufficient number of mice in the study
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FIG 8 Immune cell populations in the spleen following infection are not
different. C57BL/6 and line 4 mice were infected with 10° Y. pestis KIM D27
bacteria, and spleens were harvested 60 h postinfection. Leukocyte popula-
tions were analyzed by flow cytometry using specific markers for NK cells,
neutrophils, macrophages, B cells, CD4™ T cells, and CD8™" T cells. The data
represent average results determined for three individual mice, and the error
bars are standard deviations. An unpaired ¢ test found no differences between
any of the cell populations analyzed.
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or the involvement of multiple genes spanning the region in the
resistance phenotype. In order to address this, we narrowed our
analysis further by testing the resistance phenotype of new con-
genic lines harboring novel genetic crossovers. In this study, we
found that multiple genetic loci are required for the plague resis-
tance observed in mice of the 129 background. This result is not
surprising given the fact that Yersinia pestis survives both intra-
and extracellularly and utilizes a variety of mechanisms to subvert
the immune response. Resistance appears to be an early event,
with multiple genes working in concert to prevent the infection
from getting out of control. In comparison to the results seen with
C57BL/6 mice, the course of infection did not change in mice
harboring any smaller portion of the region, indicating that the
presence of each subregion alone was insufficient to provide a
survival benefit.

We have observed statistically significant differences in bacterial
load in the spleen as early as 2 days postinfection (13). These early
differences in bacterial load suggest that the resistance phenotype is
due to differences in innate immunity but not in adaptive immunity.
Interestingly, an earlier study by Congleton et al., also using pgm ™
Yersinia pestis, showed that 129 mice have a greater influx of NK cells
to the spleen than C57BL/6 mice (11, 16) as well as an overall higher
level of systemic NK cells during infection. Here we report that we
found no differences in NK cell levels between the resistant and sus-
ceptible mice, suggesting that this is not the basis of the resistance
phenotype. Additionally, no significant differences were observed in
the numbers of any other immune cell types, implying that the re-
cruitment or survival of these cells is not the basis of the resistance
conferred by the locus on chromosome 1. We cannot exclude the
possibility that differences in immune cell function, rather than num-
ber, provide the basis of the resistance phenotype.
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In their study on the role of the Yersinia pgm locus in pneu-
monic plague, Lee-Lewis and Anderson theorized that the resis-
tance of 129 mice may be due to the Slcllal (also known as
Nrampl) gene (23). The Slc11al gene is located at one end of the
resistance locus and encodes a divalent metal iron transporter that
is recruited to macrophage phagosomes, where it serves to pro-
mote killing of intracellular pathogens. Since one of the major
ways in which the pgm™ strains of Y. pestis are attenuated is
through their loss of the Ybt locus which impacts their ability to
acquire iron (24, 25), a difference in a gene with the potential to
regulate iron availability in the body, such as Slcllal, could ex-
plain the differences in susceptibility to pgm ™~ plague. Previously,
Slc1lal has been demonstrated to play a role in resistance to
pathogens such as Mycobacterium bovis, Leishmania donovani,
and Salmonella enterica serovar Typhimurium (20, 26-29). Sus-
ceptibility of mouse strains to certain infections has been shown to
depend on whether that strain carries the naturally occurring R
(resistant) or S (susceptible) form of the Slc11al allele. For exam-
ple, Lee-Lewis and Anderson had found that C57BL/6 and BALB/c
mice, which harbor the S allele, are more sensitive to the KIM D27
strain of Y. pestis than either the 129 strain or the C3H strain, each
of which carries the R allele (23). In our earlier published study, we
did not observe any increased resistance to Y. pestis when the R
allele of Slcllal, from C3H mice, was crossed into the C57BL/6
background (13). This finding is consistent with our current ob-
servation that 129 mice harboring the S version of Slc11al retain
full resistance against plague. The concept that the R allele of
Slcllal is not required to confer resistance is also supported by
our broader finding that multiple genes in the chromosome 1
locus, including a region distinct from that containing Slcllal,
contribute to resistance. Both the parental 129 strain and
B6129SF1/] mice are more resistant than any of our C57BL/6 con-
genic lines which possess 129 DNA, suggesting that there are other
genetic factors, outside the 129 chromosome 1 locus, that contrib-
ute to Y. pestis resistance. Since these other genetic factors may
function to make the Slcllal status irrelevant, due to the im-
proved resistance of these mice, we cannot rule out a role for the
Slc11al allele in the resistance of our congenic mice possessing
regions of 129 chromosome 1.

Despite this shortcoming, results from other studies lend sup-
port to the theory that Slc11al does not play a role in the resistance
of mice to pgm " strains of Y. pestis. During Salmonella Typhimu-
rium infection, the R allele of Slc11al, but not the S allele, was
shown to directly modulate the expression of genes on Salmonella
pathogenicity island 6 (SPI-6) (30). While Y. pestis has homo-
logues of these genes in the ripCBA operon, this operon is part of
the pgm locus which is lacking in the bacterial strain that we used
in this study. Pujol et al. demonstrated that intracellular Y. pestis
can evade killing by macrophages that are exposed to interferon
(IFN) gamma and identified a potential virulence gene present in
the pgm locus that is required for this activity (31). These results
suggest that examining the role of Slc11al allele in host resistance
to fully virulent Y. pestis may be a worthwhile venture.

Several studies have examined the resistance of different mouse
strains to plague. A recent study using fully virulent plague patho-
gens found that multiple loci were required for mice to survive in
aY. pestis subcutaneous infection model (32-34). To date, the Mus
spretus SEG/Pas mouse strain has been the only strain to have
demonstrated resistance to fully virulent plague pathogens. While
working with a pgm™~ plague model, our laboratory and those of
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others have demonstrated resistance against plague in several in-
bred strains of mice, including BALB/cJ mice (14), 129 mice (13),
B10(T6R) mice (12), and DBA2/J mice (M. Tencati and R. Tap-
ping, unpublished data). The resistance in BALB/cJ mice has been
localized to chromosome 17, whereas at least part of the resistance
in 129 mice localizes to chromosome 1. Neither of these two loci
overlaps those found in the SEG/Pas mice. Likely due to differ-
ences in dose and route of infection, the course of infection in
resistant SEG/Pas mice and susceptible mice differs from that
which was seen here; SEG/Pas mice clear the infection from blood
by day 4 and show decreases in bacterial load in the liver and
spleen at that time, whereas our resistant lines appear to show a
tapering off of bacterial growth between days 2 and 4 but no de-
crease in overall levels until later time points (13, 34).

Aside from Slcl1al, there are many other candidate genes in
this chromosome 1 region that could contribute to resistance and
play a role in immune defense. Several genes in this region are
known to be involved in neutrophil recruitment, survival of im-
mune cells, and ion transport. Looking for genetic differences be-
tween the resistant and susceptible C57BL/6 mice using the Well-
come Trust Sanger Institute’s Mouse Genome Project database
(release REL-1505) helps to narrow the list of possible candidates.
Cxcr2 is involved in neutrophil recruitment following exposure to
LPS (35) and has single nucleotide polymorphisms (SNPs) within
both the 5" and 3" untranscribed regions (UTRs), while Cxcrl,
which is also involved in neutrophil recruitment, has a missense
variant. Bcl2 may be involved in blocking the apoptotic death of
lymphocytes and has variations in the 5" and 3" UTRs as well as
throughout the intronic regions. Atg4b is involved in autophagy
and has two missense mutations along with variations in the 3’
UTR. Genes such as Clql2, Irsl, Lrrfipl, Rabl17, Slco4cl, and
Slco6d1 exhibit variations in either the 5" or 3" UTRs. Other genes
in the region with immune function are unlikely candidates due to
lack of genetic variations. Atg9a, Ccl20, Marco, Slc23a3, and
Sle35f5 exhibit no SNP differences, while Atgléll, Traf3ipl,
Slcl6al4, Slc19a3, and Slco6c¢l all contain genetic differences but
only in intronic regions that are not known to be involved in splice
variant formation.

Overall, the resistance locus described here contains 319
protein coding genes, 115 unclassified genes, 34 microRNAs
(miRNAs), 236 long intervening noncoding RNAs (lincRNAs) or
long noncoding RNAs (IncRNAs), and 16 unclassified noncoding
RNA genes. Since there are currently 130,721 SNP differences be-
tween the two parental strains across the resistance locus in the
Mouse Genome Project database, defining the specific SNPs re-
sponsible for conferring resistance to Y. pestis is inherently diffi-
cult. Recent reports suggest that 93% of disease-associated SNPs
in humans are located in gene-regulatory regions or intergenic
regions, as opposed to the 7% which are located in protein-coding
(36, 37). While transcriptome sequencing (RNA-seq) or microar-
ray analysis could be used to assess expression differences in pro-
tein coding genes within the region and thereby potentially to
identify cis-acting gene regulatory changes, this would still not
address the issue of the many IncRNAs and lincRNAs which could
be acting on genes either inside or outside the quantitative trait
locus (QTL) region.

Assessing noncoding RNAs is currently complicated by the
findings that RNA-seq does not perform well on these low-abun-
dance transcripts, their expression is very often tissue specific, and
they remain poorly annotated. Improvements in both proteomic
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techniques and genomic databases may be required to eventually
identify the SNP changes which are responsible for the resistance
of the 129 mice to Yersinia infection.
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