INFECTION AND IMMUNITY, Nov. 2006, p. 6501-6504
0019-9567/06/$08.00+0  doi:10.1128/IAT.00597-06

Vol. 74, No. 11

Copyright © 2006, American Society for Microbiology. All Rights Reserved.

Mice Naturally Resistant to Yersinia pestis Apgm Strains Commonly
Used in Pathogenicity Studies’
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We report that females of some substrains of inbred mouse strain 129 are resistant to systemic plague due
to conditionally virulent Apgm strains of Yersinia pestis; however, fully virulent Y. pestis is not attenuated in
these mice. Therefore, these mice offer a powerful system in which to map in parallel host resistance traits and

opposing bacterial virulence properties for plague.

Plague in humans is caused by the gram-negative bacte-
rium Yersinia pestis (6). The disease is 50 to 100% fatal if
untreated and potentially could be caused on an epidemic
scale by a malicious act. Accordingly, there is a need to
understand the pathogenesis of Y. pestis and to enhance
resistance to plague in people. A major virulence property
of the plague-causing bacteria is the production of a set of
six proteins called Yops that act within host cells to negate
and modulate signaling pathways that orchestrate crucial
host innate defense mechanisms (1). We had been studying
YopM and had recently found that YopM counteracts in-
nate host defenses, specifically causing a global loss of nat-
ural killer (NK) cells that could play a crucial defense role
early in infection (4). In pursuit of that finding, we have
been evaluating virulence of YopM ™ Y. pestis in several
strains of mice with defects in potential innate defense
mechanisms that might be directly targeted by YopM. We
fortuitously found a substrain (129S2/P2) of mouse strain
129 that is resistant to systemic plague due to Yersinia pestis
KIMS.

The 129S2/P2 mouse strain was of interest because it lacked
expression of grancalcin (Gca’~) (10), a protein that may
modulate actin bundling in bone marrow-derived cells, such as
polymorphonuclear neutrophils (PMNs) and macrophages.
Accordingly, we tested whether YopM is necessary for viru-
lence in Geca™/~ mice greater than 5 weeks old infected intra-
venously with Y. pestis KIMS or a YopM ™ mutant as described
previously (4). (The Y. pestis KIMS strain is highly attenuated
when given by a peripheral route of infection due to deletion of
the chromosomal pgm locus but is essentially fully virulent
when it is given by an intravenous route [1, 11].) On the basis
of data from two such experiments, the 50% lethal doses
(LDsgs) (9) for both the parent Y. pestis KIMS and the YopM ™~
mutant were between 5 X 10° and 5 X 10° CFU. This is in
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contrast to an LD, of <50 CFU for Y. pestis KIMS versus 5 X
10° CFU for the YopM ™ mutant in C57BL/6 mice (4).

The Gca knockout had been made in a genetic background
(129S2/P2) that we had not previously used in our studies.
Accordingly, we tested whether it was the Gea™/~ mutation or
this background that was responsible for the plague resistance.
The closest available match to the background strain was
129S2/Sv.Hsd (Harlan, Indianapolis, IN). As was the case for
the Gea™'~ mice, the LDs, for Y. pestis KIMS5 in these mice was
high, 2 X 10° CFU, and for the YopM mutant bacteria, it was
6 X 10° CFU (on the basis of the results of one experiment
with female mice). We tested a second 129 mouse strain that
has received extensive genetic characterization, 129P3/J (Jack-
son Laboratory, Bar Harbor, ME), with single doses of 10*
CFU of the parent Y. pestis KIMS, and all four infected female
mice survived, although they showed signs of illness (hunched
posture and matted fur) (two experiments). A single similar
test was made using a different Apgm Y. pestis strain, CO99-
3015.S5 (obtained from CDC, Ft. Collins, CO; a derivative of
Y. pestis CO92), with the same outcome of all four mice be-
coming sick but surviving an intravenous challenge of 10* CFU.
In a repetition of the experiment with a slightly higher dose of
Y. pestis Apgm strain CO99-3015.S5, all four mice died. These
results suggested that the plague resistance likely was con-
ferred by the 129 mouse genetic background but that different
129 substrains differed in the robustness of their resistance.
This finding was interesting because there is no previous report
of plague-resistant mice other than IL-10~'~ mice (7), and we
have not seen evidence or reported polymorphisms that would
indicate that these 129 mice lack interleukin 10 (IL-10).

Dynamics of the infection. We infected groups of three
female 129S2/P2 (Gca™’~) mice intravenously with 5 X 10*
CFU of Y. pestis KIMS or Y. pestis KIM5-3002 (YopM ™) and
analyzed the number of viable bacteria (as CFU) in liver and
spleen, leukocyte populations in spleen by flow cytometry,
and histopathology in liver, all as previously described (4),
on day 4 postinfection (two experiments). The numbers of
viable bacteria for both bacterial strains in both liver and
spleen were 10- to 100-fold lower than those typically seen
for infection of the susceptible C57BL/6 mouse strain (4, 7),
as though the net growth of the Y. pestis strains were being
limited or the bacteria were even being cleared. A robust
acute inflammatory response dominated by infiltrating
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FIG. 1. Robust acute inflammation was under way late in infection of resistant female 129 mice with Y. pestis KIMS. Sections from formalin-
fixed livers of infected female 129S2/P2 (Gca /™) mice (left panel), noninfected female 129S2/P2 (Gea /™) mice (middle panel), or infected female
C57BL/6 mice (right panel) were stained with hematoxylin and eosin, and representative fields for day 4 postinfection are shown. The bacterial
dose given to the 129S2/P2 (Gca /™) mice was 7.7 X 10° CFU; the dose for the susceptible female CS7BL/6 mice was 10> CFU.

PMNs was present in livers of mice infected with both the
parent Y. pestis KIMS (Fig. 1, left panel) and the YopM ™
mutant (not illustrated) on day 4 postinfection. This histo-
pathology was strikingly different from that in susceptible
C57BL/6 mice, in which the initial inflammatory reaction
dissipated and was replaced by a spreading, cell-poor, coag-
ulative necrosis by day 4 postinfection (4) (Fig. 1, rightmost
panel). When female C57BL/6 mice had been infected with
the YopM ™ strain, the inflammatory reaction had persisted
and evolved into a pregranuloma structure by day 4 (illus-
trated in reference 4). In the resistant female 129 mice, the
continued inflammation correlated with clearance of both Y.
pestis strains (data not shown).

A total of 5 X 10° spleen cells from the infected mice were
analyzed using fluorochrome-labeled antibodies against various
cell surface markers on macrophages, CD4" T cells, CD8" T
cells, PMNs, or NK cells (Fig. 2). There was an increase in mac-
rophages, PMNs, and NK cells due to infection with both the
parent and YopM  mutant Y. pestis strains compared to unin-
fected mice in both experiments. This was in contrast to the
previous findings with C57BL/6 mice where there was a depletion
of NK cells due to YopM (4). The increases in these three cell
populations were more than twofold. There was not a significant
difference for CD4" and CD8" T cells. These findings are con-
sistent with the acute inflammation we observed in response to
infection with both strains.
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FIG. 2. Infection of female 129 mice caused an influx of macrophages, PMNs, and NK cells into the spleen. Leukocyte populations in the spleen
were analyzed by flow cytometry for the percentages of macrophages, CD4™ T cells, CD8" T cells, PMNs, and NK cells in mice infected with Y.
pestis KIM5 (open bars) or the YopM ™ strain (closed bars) on day four postinfection. The data represent the average results = standard deviations
(error bars) from three infected mice; data for noninfected mice are provided for reference (hatched bars). The values for macrophages, PMNs,
and NK cells for mice infected with both Y. pestis KIMS and the YopM ™ strain differed significantly from those for noninfected mice by the
unpaired ¢ test (n = 3), with two-tailed P values of 0.011, 0.0026, and 0.034 for the three mice infected with Y. pestis KIMS and 0.017, 0.018, and
0.0038 for the three mice infected with the YopM ™~ strain. The same statistical test found no significant difference between the values for Y. pestis
KIMS and the YopM ~ mutant for macrophages, PMNs, NK cells, or CD8" T cells. The difference in values for CD4* T cells in mice infected with
the parent and mutant strains was statistically significant but was not always observed.
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Male 129 mice were more susceptible to lethal disease than
female mice. Initially we were using mice of mixed sexes for our
experiments, because we had not previously found a sex-re-
lated difference in plague susceptibility (e.g., in C57BL/6 mice
[4, 7]). However, in this study, we observed large variability
that traced to sex, with males being clearly more susceptible
than females. In one experiment involving groups of four mice
infected with the parent Y. pestis KIMS5, doses as low as 70
CFU were lethal to all of the males (LDs, of <70 CFU),
whereas for female mice, the LD, was >4 X 10° CFU. Like-
wise, when groups of four 129P3/J mice were infected with a
dose of 10* CFU of Y. pestis KIMS or 10* CFU of Y. pestis
Apgm strain C099-3015.S5, all male mice died, whereas the
females survived (two experiments). A less dramatic phenom-
enon of sex-related differences in susceptibility to plague has
been noted previously for BALB/c mice infected with Y. pestis
KIMS (5).

The scatter in the data from experiments using mixed sexes
had masked a small but consistently greater lethality of the
parent Y. pestis KIMS5 compared to the YopM™  mutant in
female 129S2/P2 (Gca™/~) mice in our original LDs, assays
(this was also evidenced by slower clearance of the parent
strain than of the YopM  mutant from organs of infected
female mice [data not shown]). In contrast, the virulence of the
YopM  mutant was considerably reduced compared to that of
the parent strain in the male 129S2/P2 (Gca ’~) mice. When
males of these mice were given 10* CFU of Y. pestis KIMS5, all
died; whereas seven out of eight survived infection by the same
number of the YopM ™ mutant (two experiments). When the
surviving males were analyzed as described above for histopa-
thology and cellular response to infection, their responses re-
sembled those of female mice (Fig. 1 and 2) infected with a
nonlethal dose of either Y. pestis strain.

Female 129 substrain mice are susceptible to fully virulent
(Pgm™) Y. pestis C099-3015. In contrast to Y. pestis Apgm
strain KIMS or C099-3015.S5, the fully virulent Y. pestis
C099-3015.S0 was highly virulent for female and male 129P3/J
mice. Groups of four female or four male 129P3/J mice were
infected by subcutaneous injection of 0.1 ml of phosphate-
buffered saline (PBS) containing the organisms (three experi-
ments; doses tested were 10°, 1.6 X 10% and 2 CFU), by
intravenous injection of organisms in 0.1 ml of PBS (1 exper-
iment; dose of 10* CFU), or by intranasal delivery of organisms
in 20 pl of PBS (one experiment; dose of 4 X 10° CFU), and
female and male mice were equally susceptible. This finding
indicates that the resistance of 129 mice may be overcome by
a property encoded in the pgm locus. So far, this 102-kb locus
has been characterized for a siderophore-based iron acquisi-
tion system that is essential for infection from a peripheral
route (6), several genes required for production of biofilm and
survival in the flea vector (2, 6), and an operon required for
replication in infected macrophages exposed to the activating
cytokine gamma interferon (8). The latter operon encodes
several metabolic enzymes that by an unknown mechanism
permit the bacteria to limit production of the bactericidal
product nitric oxide by stimulated macrophages in vitro (8).
However, none of these genes is essential for lethality from an
intravenous route of infection.

Discussion and conclusion. In summary, we have found
three 129 substrains of mice for which females are strongly
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plague resistant, causing the parent Y. pestis KIMS5 to approach
the avirulence of a YopM™ mutant, which in other mouse
strains is attenuated by 4 to 5 orders of magnitude. These mice
respond to infection of both Y. pestis strains by a robust main-
tenance of NK cells, the hallmark of the response to the
YopM ™ strain by susceptible female C57BL/6 mice (4), sug-
gesting that the enhanced innate defense(s) in these mice may
be one(s) targeted by YopM. We speculate that the innate
response in these mice bypasses YopM’s effect, as though re-
moving the target for YopM (e.g., by making it no longer
susceptible to YopM) or counteracting YopM’s effects through
an antagonistic pathway. Our findings point to the 102-kb pgm
locus as being crucial for the high level of virulence of Y. pestis
in female 129 substrain mice, and it is possible that one or
more properties encoded by this locus specifically target the
same host defenses as YopM does.

Other strains of mice tested so far (six inbred strains and
Swiss Webster outbred mice) have been found to be highly
susceptible to plague, although there are small differences in
the LD5, and mean time to death (3, 12). Accordingly, the 129
substrains identified in our study represent a new tool for
plague research. In particular, the 129P3/J mice may provide a
good system in which to identify genes specific for resistance to
plague, because this strain is being extensively characterized
genetically. It is conceivable that resistance to systemic plague
in 129 substrain mice is due to a single gene that can be
mapped and identified by classical backcross analysis. These
mice offer an outstanding opportunity to dissect in parallel
both Y. pestis virulence properties and host defenses to plague
and make an important step toward learning how to confer
resistance to humans.
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