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Interleukin-10 Induction Is an Important Virulence Function of the
Yersinia pseudotuberculosis Type 111 Effector YopM

Joseph B. McPhee,* Patricio Mena, Yue Zhang, and James B. Bliska

Department of Molecular Genetics and Microbiology, Center for Infectious Diseases, Stony Brook University, Stony Brook, New York, USA

Pathogenic Yersinia species modulate host immune responses through the activity of a plasmid-encoded type III secretion sys-
tem and its associated effector proteins. One effector, YopM, is a leucine-rich-repeat-containing protein that is important for
virulence in murine models of Yersinia infection. Although the mechanism by which YopM promotes virulence is unknown, we
previously demonstrated that YopM was required for the induction of high levels of the immunosuppressive cytokine interleu-
kin-10 (IL-10) in sera of C57BL/6] mice infected with Yersinia pseudotuberculosis. To determine if IL-10 production is important
for the virulence function of YopM, C57BL/6] or congenic IL-10~/~ mice were infected intravenously with wild-type or yopM
mutant Y. pseudotuberculosis strains. Analysis of cytokine levels in serum and bacterial colonization in the spleen and liver
showed that YopM is required for IL-10 induction in C57BL/6] mice infected with either the IP32953 or the 32777 strain of Y.
pseudotuberculosis, demonstrating that the phenotype is conserved in the species. In single-strain infections, the ability of the
32777AyopM mutant to colonize the liver was significantly increased by the delivery of exogenous IL-10 to C57BL/6] mice. In
mixed infections, the competitive advantage of a yopM™* 32777 strain over an isogenic yopM mutant to colonize spleen and liver,
as observed for C57BL/6] mice, was significantly reduced in IL-10~/~ animals. Thus, by experimentally controlling IL-10 levels
in a mouse infection model, we obtained evidence that the induction of this cytokine is an important mechanism by which YopM

contributes to Y. pseudotuberculosis virulence.

ersinia pseudotuberculosis, like the other human-pathogenic

Yersinia species (Y. pestis and Y. enterocolitica), shows a pro-
found ability to modulate the host immune system via a virulence-
plasmid-encoded type III secretion system (T3SS) (10). This T3SS
is responsible for the translocation into host cells of a set of effec-
tor proteins that coopt or subvert a number of eukaryotic signal-
ing pathways that are important for innate or adaptive immune
responses to Yersinia (55). The T3SS thus contributes to the ability
of these pathogens to cause human diseases, including bubonic,
septicemic, and pneumonic plagues (Y. pestis) and terminal ileitis
and mesenteric adenitis (Y. pseudotuberculosis and Y. enteroco-
litica). Y. pseudotuberculosis and Y. enterocolitica are also capable
of causing bacteremia and sepsis in immunocompromised indi-
viduals. Y. pseudotuberculosis infection of mice is associated with
bacterial dissemination from the intestinal tract to the spleen,
liver, and lungs, causing a systemic plague-like disease. The sys-
temic infection of mice with Y. pseudotuberculosis provides a use-
ful model to study the mechanisms of T3SS effectors that promote
virulence in pathogenic Yersinia spp.

Among the set of Yersinia T3SS effectors, the function of the
YopM protein may be least understood. The three-dimensional
structure of the Y. pestis YopM protein has been determined, and
it consists of two antiparallel N-terminal a-helices that serve as the
nucleation point for the subsequent folding of the leucine-rich-
repeat (LRR) domain (14). A short C-terminal tail that was not
resolved in the crystal structure extends beyond the last LRR in
YopM. Depending on the particular YopM protein examined, the
number of LRRs can vary from 13 to 21 (4). The functional con-
sequence of this heterogeneity in LRR repeats for YopM function
remains unknown. In mouse infection models, YopM is critical
for the dissemination of Y. pseudotuberculosis and Y. enterocolitica
from the intestinal tract to distal sites such as the spleen and for
virulence (27, 29, 52). YopM is also important for the virulence of
Y. pestis inoculated into mice via the intravenous (i.v.) (25, 35) or

July 2012 Volume 80 Number 7

Infection and Immunity p. 2519-2527

intradermal (57) route of infection. In spleens of mice infected
with Y. pestis, YopM fused to a reporter protein (beta-lactamase) is
translocated into polymorphonuclear leukocytes (PMNs), mac-
rophages, and dendritic cells (26), suggesting that these cell types
are key targets of the effector.

YopM has been shown to traffic to the nucleus of infected host
cells (51). In addition, YopM has been shown to interact with
members of the RSK and PRK (also known as PKN) families of
eukaryotic serine/threonine kinases (18, 27-29). Recently,
Hentschke et al. demonstrated that rather than being specific for
the RSK1 and PRK2 kinase isoforms, YopM interacts with RSK1 to
RSK4 as well as with PRK1 to PRK3 (18). The mechanism by
which the nuclear localization of YopM or the YopM-RSK-PRK
complex contributes to Yersinia virulence is unknown at present.
Previous work by McDonald et al. demonstrated that upon bind-
ing to YopM, the kinase activities of RSK1 and PRK2 are increased
(28). The binding of RSK1 to YopM prevents the dephosphoryla-
tion of the kinase, resulting in its sustained activation (18). The
domain that interacts with RSK1 has been localized to the C-ter-
minal tail of YopM, and this interaction is critical for virulence in
Y. pseudotuberculosis (27, 29). The binding domain for PRK2 has
been mapped to a region containing the C-terminal 10 LRRs of Y.
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TABLE 1 List of strains and plasmids used in this study

Strain or plasmid Description” Reference
Strains
Y. pseudotuberculosis
32777 Serogroup O1 wild-type strain (originally called IP2777) 45
32777yopM::kan yopM codons 85 to 446 replaced by a kanamycin resistance cassette (npt) 29
32777AyopM yopM codons 85 to 446 deleted 29
1P32953 Serogroup O1 wild-type strain 8
1P32953y0pM::kan yopM codons 85 to 446 replaced by a kanamycin resistance cassette (npt) This study
1P32953AyopM yopM codons 85 to 446 deleted This study
E. coli S17-1\pir Tp" Sm" hsdR pro recA RP4-2-Tc:Mu-Km::Tn7; lysogenized with Apir 12
Plasmids
pSB890-yopMy prg:npt Suicide vector carrying yopM sequence with codons 85 to 446 replaced with an 29
npt cassette flanked by FRT sites; Kan" Tet"
pFLP2 Encodes Flp recombinase; sacB Tet" 19

“ FRT, Flp recombination target.

pestis YopM, and this domain is required for virulence as well (29).
YopM variants that do not interact with RSK1 due to the presence
of amino acid substitutions or deletions in the C-terminal tail
retain partial virulence function and are able to traffic to the nu-
cleus of infected macrophages, indicating that there are RSK1-
independent functions of this effector (27). Deletions within LRRs
8 to 15 prevent the entry of YopM into the nucleus, suggesting that
this region is important for nuclear localization (27). Whether the
YopM complex containing activated RSK1 and PRK2 phosphor-
ylates other target proteins within the cytosol or nuclei of infected
host cells remains to be determined.

The ability of YopM to alter the host innate immune response
has been demonstrated with mouse models of infection with Yer-
sinia spp. (21, 27,29, 57, 58). Kerschen et al. showed previously by
histopathology that in mice infected with a yopM ™ Y. pestis strain,
the initial sites of liver and spleen colonization develop into foci
with neutrophilic inflammation and necrosis, while the same or-
gans infected with a yopM mutant contain granuloma-like lesions
with little evidence of necrosis (21). Similar results were reported
for murine spleens infected by wild-type or yopM mutant Y. pseu-
dotuberculosis strains (27). Additionally, Kerschen et al. demon-
strated that larger amounts of mRNA for the proinflammatory
cytokines interleukin-12 (IL-12), IL-18, gamma interferon (IFN-
7v), tumor necrosis factor alpha (TNF-a), and IL-1 were ob-
served for spleens of mice infected with a Y. pestis yopM mutant
than for spleens of controls infected with a wild-type strain (21).
In partial concordance with these results, we previously observed
significantly increased levels of IFN-v in the sera of mice infected
with a Y. pseudotuberculosis yopM mutant compared to levels in
the sera of mice infected with the parental 32777 strain (29). We
also observed a marked YopM-dependent induction of the anti-
inflammatory cytokine IL-10 in the sera of Y. pseudotuberculosis-
infected mice and showed that this induction required domains of
YopM that are required for interactions with RSK1 and PRK2
(29).

The possibility that YopM induces IL-10 expression to pro-
mote virulence can be considered controversial for several rea-
sons. First, several investigations have failed to detect increased
IL-10 expression levels in mice infected with Yersinia spp. For
example, Kerschen et al. (21) did not detect increased levels of
IL-10 transcripts in their experiments with Y. pestis-infected mice,
either in spleen or liver tissue or in spleen-derived macrophages.
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Other investigators observed little to no increase in IL-10 protein
levels in sera (53) or lungs (7, 23) of mice infected with Y. pestis or
in tissues of mice infected with Y. enterocolitica or Y. pseudotuber-
culosis (increased IL-10 levels were detected in spleens and livers of
mice at late stages of infection with Y. pseudotuberculosis) (2).
Second, when increased IL-10 levels have been detected in Yersinia-
infected mice, they have been associated with the activity of an-
other T3SS-associated virulence factor, LerV (6, 13, 47), which
comprises the tip complex of the T3SS needle (31). Third, a mech-
anism independent of the T3SS by which the systemic infection of
mice with Y. pestis can lead to IL-10 expression in natural killer
(NK) cells in blood and nonlymphoid organs has been reported
(37). In this case, pathogen-associated molecular patterns such as
lipopolysaccharide (LPS) activated IL-12 production in dendritic
cells, which in turn caused IL-10 expression in NK cells (37).
Fourth, the penetration of purified recombinant Y. enterocolitica
YopM into human HL60-derived macrophage-like cells was not
associated with increased transcription levels of IL-10 mRNA after
LPS stimulation (43). Therefore, the possibility that the induction
of IL-10 is an important virulence function of YopM remains to be
established.

Here, we sought to test the model that IL-10 induction is im-
portant for the virulence function of YopM in two ways. First, Y.
pseudotuberculosis strain IP32953, which is a widely used model
for the species due to the availability of its genomic sequence (8),
was tested for the ability to induce IL-10 in a YopM-dependent
manner in a mouse infection model. Second, the amount of IL-10
in mice infected with the wild-type or yopM mutant Y. pseudotu-
berculosis strain was experimentally controlled by supplementa-
tion with exogenous IL-10 or by the use of IL-10~/~ animals.

MATERIALS AND METHODS

Bacterial strains and plasmids. A description of the Y. pseudotuberculosis
and Escherichia coli strains used in this study is presented in Table 1.
Strains 32777 and IP32953 are serogroup Ol strains. The complete ge-
nome sequence of I[P32953 was reported previously (8), and the sequence
of the yopM gene is conserved between IP32953 and 32777 (data not
shown). The deletion of codons 85 to 446 of yopM in IP32953, resulting in
the IP32953AyopM strain, was carried out by using allelic recombination and
S17-1\pir harboring plasmid pSB890-yopMypr:npt (Table 1), as described
previously for strain 32777 (29). The 32777yopM::kan strain was an inter-
mediate in the construction of the 32777AyopM strain (29) (i.e., before
the excision of the kanamycin resistance cassette [npt] using plasmid
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pFLP2 [Table 1]). Bacterial strains were routinely grown in Luria-Bertani
(LB) medium or on LB agar plates at 28°C (Yersinia) or at 37°C (E. coli).

Mouse infections. All experimentation with mice was approved by the
Stony Brook University IACUC. Six- to eight-week-old female C57BL/6]
mice or B6.129P2-1110""“8"/] mice were purchased from Jackson Labo-
ratory, Bar Harbor, ME. Y. pseudotuberculosis cultures were grown over-
night in LB medium. The cultures were washed twice in sterile phosphate-
buffered saline (PBS) before being diluted to the desired CFU/ml in PBS.
An aliquot of 100 .l was delivered via tail vein injection using a 30-gauge
needle.

For infection with IP32953, C57BL/6] mice were infected with 1.2 X
10° to 1.5 X 10° CFU of the wild type or the IP32953AyopM mutant as
described above. Mice were monitored for up to 14 days following infec-
tion for signs of severe illness (hunched posture, ruffled fur, and immo-
bility). Moribund mice were euthanized and scored as deceased. Surviving
mice were euthanized on day 14. For organ burden assays, liver and spleen
were harvested from euthanized mice at the time points indicated in the
figure legends and homogenized in 5 ml PBS, and serial dilutions were
spread onto LB agar plates to determine CFU values.

IL-10 supplementation experiments were performed under condi-
tions similar to those previously described (20). C57BL/6] mice were in-
fected with 32777 or 32777AyopM mutant cells as described above. Re-
combinant murine IL-10 (rmIL-10) was purchased from Peprotech. The
lyophilized powder was resuspended to 2 mg/ml in PBS, and aliquots were
stored at —80°C. The stock solution was diluted to 50 pg/ml, and 100 w1 (5
g) was delivered to each mouse via intraperitoneal (i.p.) injection on
days 3, 4, and 5 postinfection. Control mice received injections of 100 .l
of PBS alone. Organ burden assays were performed as described above.

For infections to determine the competitive index (CI), cultures of
32777 or the 32777yopM::kan mutant grown overnight were individually
diluted to 1.2 X 10* to 1.5 X 10* CFU/ml. Equal volumes of each of these
cultures were then mixed, and CFU were enumerated by plating serial
dilutions onto LB agar or LB agar containing 50 pg/ml kanamycin (LB-
Kan) to determine the input (in) CFU ratios. The mixture of 32777 and
the 32777yopM::kan mutant was delivered via tail vein injection, as de-
scribed above, into C57BL/6] mice or into B6.129P2-1110""1¢"/] mice.
Organ burden assays were performed as described above, with the excep-
tion that serial dilutions were plated onto LB or LB-Kan agar to determine
output (out) CFU ratios. The CI was calculated by the following formula:
CI = (number of CFU yopM::kan,,/number of CFU 32777 )/ (number
of CFU yopM::kan; /number of CFU 32777, ).

ELISA of mouse serum. IL-10 and IFN-vy enzyme-linked immunosor-
bent assay (ELISA) kits were purchased from R&D Biosystems (Minne-
apolis, MN). IL-18 ELISA kits were purchased from MBL (Nagoya, Ja-
pan). Blood was collected from infected mice by cardiac puncture after
euthanization. Serum was prepared by the use of Sarstedt S1.1 serum gel
tubes (Sarstedt, Niimbrecht, Germany) according to the manufacturer’s
instructions. All serum samples were diluted 1:10 in ELISA sample diluent
and processed according to the manufacturer’s instructions.

Statistical analysis. Results of survival curve experiments were ana-
lyzed by using log-rank testing and the GraphPad Prism software suite
(GraphPad, LaJolla, CA). The CFU, cytokine, and competitive index data
were analyzed by the Mann-Whitney test of significance.

RESULTS

Requirement for YopM in virulence and IL-10 induction in mice
is conserved in Y. pseudotuberculosis. We previously demon-
strated that the inactivation of yopM in Y. pseudotuberculosis strain
32777 resulted in a significant loss of virulence in mice by the
orogastric or i.v. route of infection (29). In addition, unlike the
wild type, the 32777AyopM mutant failed to induce high levels of
IL-10 in the sera of i.v. infected mice (29). Moreover, this pheno-
type of the 32777AyopM mutant could be complemented by the
expression of yopM " in trans (29). In order to determine if this
phenotype is specific to strain 32777 or a general feature of the Y.
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FIG 1 Survival curves of mice infected with Y. pseudotuberculosis IP32953 or
the IP32953AyopM mutant. C57BL/6] mice were infected via tail vein injection
with 1.2 X 10° to 1.5 X 10° CFU of Y. pseudotuberculosis 1P32953 or the
1P32953AyopM mutant grown at 26°C. The mice were monitored over 14 days
for signs of illness and were euthanized if found to be moribund. Results are
pooled from 2 independent experiments with five mice per group (n = 10 for
both strains). Statistical significance was calculated by a log rank test.

pseudotuberculosis species, we introduced the same inactivating
mutation into yopM in the sequenced strain IP32953 (8) and car-
ried out iv. infection of C57BL/6] mice with the mutant
(IP32953AyopM) or the parental strain. In the iv. infection
model, Y. pseudotuberculosis initially infects livers, spleens, and
lungs of mice (27, 46). The bacteria grow in necrotic abscesses
in the liver and spleen, and the animals begin to succumb to in-
fection within several days (27, 46). As shown in Fig. 1, the
1P32953AyopM mutant was significantly attenuated in C57BL/6]
mice compared to the parental strain, as assessed by a time-to-
death assay following i.v. infection with ~10° CFU (P < 0.0001 by
log rank test). IP32953 appeared to be more virulent than 32777 in
this assay, as mice infected with this strain first became moribund
by day 3 or 4, while mice similarly infected with 32777 first became
moribund on day 6 or 7 (29).

Groups of C57BL/6] mice infected with IP32953 or the iso-
genic yopM mutant, as described above, were euthanized on day 4
postinfection. Concentrations of cytokines in serum and bacterial
CFU in liver and spleen were determined. The presence of an
intact yopM allele in IP32953 was associated with a marked, sta-
tistically significant increase in IL-10 levels in sera of infected mice
(Fig. 2A). In addition, there was a significant decrease in IFN-vy
levels and an increase in IL-18 levels in sera of mice infected with
yopM™ bacteria compared to levels in mice infected with yopM-
deficient bacteria (Fig. 2B and C, respectively). We previously
showed that there was a small but significant increase in the ability
of wild-type strain 32777 to colonize the spleen compared to the
32777AyopM mutant at day 4 post-i.v. infection of C57BL/6] mice
(29). There were, on average, higher CFU of IP32953 than of the
yopM mutant in spleens and livers, but these differences were not
significant (Fig. 2D). Taken together, as the above-described re-
sults with [P32953 are similar to what was previously observed for
experiments with 32777 (29), we conclude that the requirement
for YopM in virulence and IL-10 induction in mice is conserved in
Y. pseudotuberculosis.

To characterize the relationship between serum IL-10 levels
and organ burdens in mice infected with the yopM™ or yopM
mutant strain, the log,, serum IL-10 concentration was plotted
versus the log;, spleen CFU (59). This analysis was done with the
results obtained here with IP32953 strains (Fig. 3A) as well as with
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FIG 2 Cytokine levels in sera and organ burdens in spleen and liver of C57BL/6] mice infected with IP32953 or the IP32953AyopM mutant. Mice were infected
with IP32953 or the IP32953AyopM mutant as described in the legend to Fig. 1. Blood, spleens, and livers were collected from euthanized mice at day 4
postinfection. (A to C) IL-10 (A), IFN-vy (B), and IL-18 (C) concentrations in serum were determined by an ELISA. Each filled circle represents the concentration
of cytokine present in the serum from a single mouse (pg/ml for IL-10 and IFN-vy and ng/ml for IL-18). (D) CFU assays were performed to determine numbers
of bacteria per spleen and liver. Each point represents the log,, CFU per organ recovered from a single mouse. The horizontal lines represent the mean values for
all mice in the group. Results are from 2 to 3 experiments with 3 to 4 mice per group (n = 9 for IP32953 IL-10, IL-18, and spleen CFU data; n = 7 for IP32953
IFN-vy data; and n = 6 for IP32953 liver CFU and IP32953AyopM mutant cytokine and CFU data). The limits of detection for the CFU assay were 500 CFU/organ.
Cytokine values below the limit of detection for each ELISA were set at the limit of detection (dashed lines). Statistical significance was calculated via the

Mann-Whitney test.

previous data (29) resulting from infections with 32777 strains
(Fig. 3B). In mice infected with the IP32953 or 32777 strain, there
was a positive-sloped linear relationship between the colonization
level and the serum IL-10 concentrations. In contrast, the data
obtained with mice infected with yopM mutants formed slopes
that did not deviate significantly from zero, as determined by a
linear regression analysis. These results show that there is a direct
correlation between bacterial burdens in spleens and concentra-
tions of IL-10 in sera of mice infected with the yopM™ but not the
yopM-deficient Y. pseudotuberculosis strain.

Supplementation of mice with IL-10 rescues the ability ofa Y.
pseudotuberculosis yopM mutant to colonize the liver. We rea-
soned that if a Y. pseudotuberculosis yopM mutant is defective for
virulence in vivo due to a lack of IL-10 induction, the injection of
exogenous IL-10 into mice should increase colonization by that
mutant in the spleen and liver. To examine this possibility, groups
of C57BL/6J mice were infected with ~10> CFU of 32777 or the
yopM mutant via tail vein injection, followed by the i.p. adminis-
tration of recombinant murine IL-10. The 32777 background was
used for this experiment because it is less virulent than IP32953
(Fig. 1) (29), allowing for a longer time course of infection and
IL-10 treatment. Preliminary experiments suggested that the ear-
liest time point at which increased serum IL-10 concentrations are
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observed for C57BL/6] mice infected with Y. pseudotuberculosis is
between days 2 and 4 postinfection (data not shown). We there-
fore delivered 5 pg of IL-10 in PBS via i.p. injection on days 3, 4,
and 5 postinfection. Control mice were injected with PBS alone on
the same schedule. At 6 days postinfection, CFU assays were con-
ducted on spleens and livers removed from euthanized mice. We
also analyzed the serum levels of IL-10 from these mice and found
significantly higher levels of IL-10 in the 32777AyopM mutant-
infected, IL-10-supplemented mice than in mice that received PBS
(P = 0.0003) (Fig. 4A). Similar to the results obtained for strain
IP32953 in the spleen at day 4 (Fig. 2D), the yopM deficiency did
not significantly reduce colonization by strain 32777 in spleens of
control (PBS-treated) mice at day 6 (Fig. 4B). However, IL-10
supplementation caused a small (but not significant) increase in
the colonization of spleens by 32777 and the 32777 AyopM mutant
(Fig. 4B). Significantly fewer CFU of yopM mutant bacteria than
wild-type bacteria were present in livers of control mice at day 6
(Fig. 4B). These results suggest that the liver is a more restrictive
environment for colonization by a Y. pseudotuberculosis yopM
mutant than the spleen. Compared to the PBS control, average
colonization levels of the yopM mutant were significantly higher
in liver after IL-10 supplementation (P = 0.0003). Thus, the
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FIG 3 Relationship between bacterial CFU values in spleens and IL-10 con-
centrations in sera of mice infected with Y. pseudotuberculosis. The log,, serum
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data reported previously (29) for 32777- or 32777AyopM mutant-infected
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of detection of the IL-10 ELISA. By linear regression analysis, the R* values
were 0.603 for IP32953, 0.315 for the IP32953AyopM mutant, 0.309 for strain
32777, and 0.077 for the 32777AyopM mutant.

growth defect of the yopM mutant in liver could be partially res-
cued by the addition of exogenous IL-10.

The competitive survival advantage of the Y. pseudotubercu-
losis yopM™ strain over the yopM mutant is decreased in IL-
10~'~ mice. As an additional test to determine if the induction of
IL-10 is important for the virulence function of YopM, a compet-
itive infection experiment was carried out with IL-10""" or IL-
107/~ C57BL/6] mice. The rationale for the test was that if the
induction of IL-10 is important for the yopM™ Y. pseudotubercu-
losis strain to outcompete a yopM mutant for growth in C57BL/6]
mice, then this advantage should be decreased in congenic IL-10~/~
mice, which are unable to produce the cytokine. C57BL/6] (IL-
10*"*) or B6.129P2-1110"™1“¢"/] (IL-10~'~) mice were infected i.v.
with a mixture of equal CFU of 32777 or the 32777yopM::
kan strain (~600 to 700 CFU of each bacterial strain). The mice
were euthanized at 7 days postinfection, and CFU assays were
conducted. Homogenates of the spleen and liver were plated onto
medium with and without the addition of kanamycin to differen-
tiate between colonies arising from the two strains and to allow the
calculation of a competitive index (CI). As shown in Fig. 5, in
IL-10""" mice, the mean CI was 0.23 for the spleen, showing that
the yopM™ strain had a slight competitive advantage for splenic
colonization over the yopM mutant. The yopM™ strain had a
greater competitive advantage over the yopM mutant in the livers
of IL-10*"" mice, as the mean CI was 0.0125 (Fig. 5). Importantly,
the competitive advantage of the yopM™ strain was absent in
spleens (CI = 1.66) and was significantly reduced in livers (CI =
0.105) of IL-10~'~ mice. In both spleens and livers, the change in
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berculosis 32777 or the 32777AyopM mutant. At 3, 4, and 5 days postinfection,
mice received 5 pug of recombinant murine IL-10 (rIL-10) in PBS or PBS alone
via intraperitoneal injection. On day 6 postinfection, mice were euthanized,
blood was obtained for analysis of serum IL-10 levels (A), and spleen and liver
were collected and processed for a CFU assay (B). The experiment was re-
peated twice with four mice per group. Each filled circle represents the log,,
CFU or the serum IL-10 concentration from an individual mouse. Mice that
died before day 6 were excluded from the analysis, resulting in n values of <8
(n = 6 for strain 32777 plus PBS, n = 7 for strain 32777 plus IL-10, n = 8 for
the 32777AyopM mutant plus PBS, and n = 8 for the 32777AyopM mutant
plus IL-10). IL-10 and CFU values below the limit of detection were set at the
limit of detection for each assay (dashed lines). Statistical significance was
determined by the Mann-Whitney test.

Cl associated with an IL-10 deficiency was significant (P = 0.0231
and P = 0.0458, respectively).

DISCUSSION

IL-10 is a potent anti-inflammatory cytokine that normally serves
to counterregulate proinflammatory processes that can be detri-
mental in some circumstances (e.g., bacterial sepsis) (11, 44). It
also plays a very important role in mediating immune tolerance in
body sites that are routinely exposed to foreign antigens, like the
lungs or the gastrointestinal tract. Indeed, mice lacking IL-10 have
been successfully used as a model of inflammatory bowel disease,
as these mice develop colitis in response to normal gut microbiota
(22). Due to the immunosuppressive effects of this cytokine, it is
perhaps unsurprising that a number of bacterial pathogens have
evolved mechanisms to promote IL-10 production in the host,
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FIG 5 Competitive index analysis of 32777 and 32777yopM::kan mutant in-
fections in i110™" or il107/~ mice. C57BL/6] (ill0*'") or B6.129P2-
1110"1<¢"/] (110 ') mice were infected intravenously with 1.2 X 10%to 1.5 X
10° CFU of an equal mixture of Y. pseudotuberculosis 32777 and 32777yopM::
kan bacteria (600 to 750 CFU of each strain). The ratio of bacteria in the input
was determined by the plating of serial dilutions followed by the enumeration
of CFU. The infections were allowed to proceed for 7 days, the mice were
euthanized, and the spleen and liver were processed for CFU analysis to deter-
mine output ratios. The competitive index (CI) was determined as described in
Materials and Methods. The horizontal bar represents the geometric mean of
the CI values. Results shown are from 5 (il10"/*) or 3 (il10 /") independent
experiments with 4 to 8 mice per group. Mice that died or had CFU values
below the limit of detection were excluded from the analysis (n = 14 for
il10*"* mice and n = 11 for il10~/~ mice). Statistical significance was deter-
mined by the Mann-Whitney test.

thereby dampening the normal host inflammatory response. For
example, the causative agent of Lyme disease, Borrelia burgdorferi,
induces IL-10 responses that allow it to persist within the host
(15). Additionally, the induction of IL-10 has been demonstrated
to occur via a T3SS effector, BopN, in mice infected with Borde-
tella bronchiseptica (32).

Brubaker and colleagues first proposed the concept that IL-10
production contributes to Yersinia pathogenesis (6). Nakajima et
al. demonstrated that injecting mice with a recombinant protein
A-LcrV fusion polypeptide resulted in the suppression of proin-
flammatory cytokines (33). This observation was later linked to
upregulation of IL-10 (34). Other groups followed by demonstrat-
ing that recombinant LerV was directly responsible for the induc-
tion of IL-10, via a Toll-like receptor 2 (TLR2)- and CD14-medi-
ated mechanism (1, 6, 47, 49). However, different regions of Y.
enterocolitica O8 LerV (amino acids 31 to 49) (47) and Y. pestis
LerV (amino acids 271 to 300) (34, 36) were shown to be impor-
tant for IL-10-inducing activity. In addition, the resistance of
TLR2™'™ mice to Y. enterocolitica infection (47, 48) turned out to
be dependent upon the mouse strain background used (50), and
TLR2 ™/~ mice did not show enhanced resistance to infection with
Y. pestis or Y. pseudotuberculosis (2, 13, 40, 42). More recent stud-
ies suggested that TLR6 as well as TLR2 and CD14 are important
for the LerV-dependent induction of IL-10 in mice infected with
Y. pestis (13). LerV is also required for the translocation of T3SS
effectors, including YopM, into host cells infected with pathogenic
Yersinia strains (24, 38). In this study, we have obtained evidence
using genetic and immunological approaches that the induction
of IL-10 is important for the virulence function of YopM in mice
infected with Y. pseudotuberculosis. Thus, the ability of pathogenic
Yersinia strains to induce IL-10 during infection may be multifac-
torial and species and/or strain dependent.
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Consistent with results that we obtained previously with Y.
pseudotuberculosis 32777 (29), we show here that YopM is impor-
tant for virulence (Fig. 1) and for the induction of high levels of
IL-10 in sera of mice infected with strain IP32953 (Fig. 2A). In
addition, we demonstrate that a linear correlation exists between
levels of IL-10 in sera and bacterial CFU in spleens of mice infected
with IP32953 or 32777 but not the corresponding yopM mutants
of these strains (Fig. 3). Although there were a few exceptions, in
general, those mice infected with IP32953 or 32777 and with = 107
CFU per spleen were also the mice with high serum IL-10 levels
(more than 2 log,, pg/ml). However, two mice infected with the
1P32953Ay0pM mutant had organ burdens of nearly 10° CFU but
serum IL-10 levels of =2 log, , pg/ml (Fig. 3). These results suggest
that the high level of IL-10 production in IP32953- or 32777-
infected mice is not necessarily a consequence of higher organ
burdens but rather reflects a differential cytokine response to these
strains.

A recent report demonstrated that IL-10 was expressed in NK
cells in blood and nonlymphoid organs (e.g., liver and lung) dur-
ing systemic infection of mice with Y. pestis (37). This IL-10 ex-
pression in NK cells was also seen in response to systemic infec-
tions with other pathogens (Toxoplasma gondii and Listeria
monocytogenes) or systemic challenge with cytosine-guanine oli-
godeoxynucleotides or LPS (37). Perona-Wright et al. showed
previously that the IL-12 produced during the innate immune
response to these challenges was necessary and sufficient for IL-10
expression in NK cells (37). Two observations suggest that the
IL-10 that we detected in the sera of Y. pseudotuberculosis-infected
mice is produced by a mechanism that is distinct from that ob-
served previously by Perona-Wright et al. (37). First, IL-12-in-
duced NK cell expression of IL-10 could be achieved by systemic
challenge with Y. pestis lacking the virulence plasmid (and, hence,
the T3SS and all effectors, including YopM) (37), while IL-10
induction in Y. pseudotuberculosis-infected mice required YopM
(Fig. 3). Second, IL-12-induced NK cell expression of IL-10 was
associated with the coproduction of IFN-vy (37), while IL-10 in-
duction in Y. pseudotuberculosis-infected mice was associated with
reduced levels of serum IFN-vy (Fig. 2B) (29). Nevertheless, it
would be informative to determine if there is a YopM-dependent
induction of IL-12 in mice infected with Y. pseudotuberculosis.
Determining the cell types that are responsible for the YopM-
dependent expression of IL-10 in Y. pseudotuberculosis-infected
mice will also help elucidate the mechanism of this response. Re-
cently, Bouabe et al. used transgenic mice with a transcriptional
IL-10—B-lactamase reporter to identify cell types that express
IL-10 following systemic infection with Y. enterocolitica (5). They
obtained evidence that CD11b™ Ly6G™ PMNs were the predom-
inant IL-10-expressing cell type in the spleen under these condi-
tions (5).

Experiments were undertaken to determine if the virulence
defect of the 32777AyopM strain could be overcome by providing
mice with exogenous IL-10. The bacterial colonization of spleen
and liver, as determined by a CFU assay, was used to measure the
effect of IL-10 supplementation. CFU assays performed on organs
of control (PBS-injected) mice infected for 6 days with wild-type
32777 or the yopM mutant showed that YopM was more impor-
tant for bacterial colonization of the liver than the spleen by strain
32777 (Fig. 4B). Small but nonsignificant increases in CFU of
32777 and the 32777 AyopM mutant were observed for the spleens
of IL-10-treated mice. Similarly, IL-10 treatment caused a small
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but nonsignificant increase in the hepatic burden of 32777-in-
fected mice. In contrast, IL-10 supplementation caused a signifi-
cant (~1.2-log) increase in CFU of the 32777AyopM mutant in
livers of infected mice. Ye et al. (58) previously used a depletion
approach to show that PMNs make a large contribution to the
control of yopM-deficient Y. pestis in livers of mice. Additionally,
those researchers showed that similar numbers of PMNs were
present in spleens of mice infected with yopM™ or AyopM Y. pestis
strains (58). Taken together with our results (Fig. 4), it is possible
that IL-10 supplementation increases the colonization of the liver
by the 32777AyopM mutant by reducing bactericidal activity in
PMN:s. The exposure of PMNSs to IL-10 has been shown to reduce
phagocytic activity and the expression of cytokines (3), and high
levels of intrahepatic IL-10 cause the downregulation of Mac-1 on
PMNs (30). Thus, IL-10 supplementation may decrease PMN
function and maintenance at this site, thereby creating a permis-
sive site for the replication of the 32777AyopM mutant in the liver.
It is unknown why IL-10 supplementation did not restore the
colonization of the 32777AyopM mutant to the level of wild-type
bacteria in the livers of control mice. Although we demonstrate
that supplementation with IL-10 causes sustained increased se-
rum levels of IL-10 (Fig. 4A), it is still possible that insufficient
levels of the exogenous cytokine were obtained in the microenvi-
ronment of the abscesses in the liver in which the bacteria grow. A
second possibility is that YopM has an additional virulence func-
tion in the liver that is independent of IL-10 induction (discussed
further below).

Asasecond test of the model that IL-10 induction is important
for the virulence function of YopM, we compared the ability of
wild-type bacteria to outcompete the AyopM strain in wild-type or
IL-10~/~ C57BL/6] mice. Competition infections were done for
two reasons. First, it was reasoned that the subtle colonization
defect of the AyopM mutant in the spleen would be easier to detect
in competition with wild-type bacteria. Second, competition in-
fections would avoid the known genetic background difference
between wild-type and IL-10~/~ C57BL/6] mice that can con-
found studies of the role of IL-10 in resistance to bacterial infec-
tion (54). Specifically, the commercially available IL-10-deficient
mice in the C57BL/6] lineage (B6.129P2-1110""'“¢"/] [22]) have
been shown to have a genetic background associated with resis-
tance to Y. pestis infection (54). Turner et al. (54) demonstrated
previously that B6.129P2-1110""“¢"/] mice contain genomic DNA
flanking the 7/10 allele derived from the original 129 line. The 129
DNA increases, in a nonrecessive manner, resistance to Y. pestis
infection (54). Several 129 mouse substrains were previously
shown to be resistant to conditionally virulent Y. pestis strains (9).
Thus, studies in which single-strain infections of B6.129P2-
1110"8"/] mice or C57BL/6] mice were compared (13, 39, 48)
likely overestimated the contribution of IL-10 to Yersinia patho-
genesis (54), while competition infections would negate this issue.

We found that wild-type strain 32777 had a slight competitive
advantage over the AyopM mutant in spleens of C57BL/6] mice
(CI 0f0.23), and this advantage was lost in IL-10"/~ mice (CI of
1.66) (Fig. 5). Similar results were found for the liver, although the
competitive advantage of the wild type over the AyopM mutant
was greater in C57BL/6] mice (CI 0f 0.0125) and only partially lost
inIL-10""" mice (CI of 0.105). We interpret these results to indi-
cate that the production of IL-10 is important for the virulence
function of YopM in both the spleen and liver. As discussed above,
PMN:ss (58) may be the target of YopM-induced IL-10 in the liver.
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In the spleen, inflammatory monocytes and inflammatory den-
dritic cells (iDCs) (also known as Tip-DCs) may be the most im-
portant cell types for controlling the growth of AyopM Yersinia
strains (58). IL-10 is known to inhibit Tip-DC function. For ex-
ample, during infection with Trypanosoma brucei, localized en-
dogenous IL-10 attenuates the maturation of monocytes into Tip-
DCs (17). Furthermore, the sustained expression of IL-10 under
the control of a liver-specific promoter in an adenovirus vector
can inhibit the differentiation of monocytes into Tip-DCs in mice
chronically infected with T. brucei (17).

A requirement of the competition test was that the yopM™ Y.
pseudotuberculosis strain would be unable to fully rescue in trans
the growth defect of a AyopM mutant in wild-type C57BL/6] mice.
Previously, Ye et al. showed that that a yopM™ Y. pestis strain was
able to fully rescue in trans the growth defect of a AyopM mutant
in spleens but not livers of mice (58). Our ability to detect a com-
petitive advantage of wild-type bacteria over AyopM bacteria in
spleens of C57BL/6] mice may have been due to the use of differ-
ent Yersinia strains (Y. pseudotuberculosis versus Y. pestis) or dif-
ferent mouse strains (C57BL/6] versus C57BL/6N.HSD) from
those used by Ye et al. The host immune responses to these two
pathogens could differ because there are distinct forms of LPS (41)
and different sets of proteins (56) localized to the outer mem-
branes of Y. pseudotuberculosis and Y. pestis. The finding that the
competitive advantage of the wild type over the AyopM mutant
was only partially reduced in livers of IL-10~'~ mice (Fig. 5) sug-
gests that YopM has a virulence function in this organ that is
independent of IL-10 induction, reinforcing the same conclusion
reached with the IL-10 supplementation experiment (Fig. 4). Ye et
al. (58) suggested that YopM subverts the function of PMNs in
liver, possibly by interfering with their interaction with Kupffer
cells (16). Thus, it is possible that YopM interferes with PMN
function directly as well as indirectly by downregulating their bac-
tericidal activity through the induction of IL-10.
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