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ABSTRACT Yersinia pestis causes bubonic, pneumonic, and septicemic plague, dis-
eases that are rapidly lethal to most mammals, including humans. Plague develops
as a consequence of bacterial neutralization of the host’s innate immune response,
which permits uncontrolled growth and causes the systemic hyperactivation of the
inflammatory response. We previously found that host type | interferon (IFN) signal-
ing is induced during Y. pestis infection and contributes to neutrophil depletion and
disease. In this work, we show that type | IFN expression is derived from the recog-
nition of intracellular Y. pestis by host Toll-like receptor 7 (TLR7). Type | IFN expres-
sion proceeded independent of myeloid differentiation factor 88 (MyD88), which is
the only known signaling adaptor for TLR7, suggesting that a noncanonical mecha-
nism occurs in Y. pestis-infected macrophages. In the murine plague model, TLR7
was a significant contributor to the expression of serum IFN-B, whereas MyD88 was
not. Furthermore, like the type | IFN response, TLR7 contributed to the lethality of
septicemic plague and was associated with the suppression of neutrophilic inflam-
mation. In contrast, TLR7 was important for defense against disease in the lungs. To-
gether, these data demonstrate that an atypical TLR7 signaling pathway contributes
to type | IFN expression during Y. pestis infection and suggest that the TLR7-driven
type | IFN response plays an important role in determining the outcome of plague.
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ype | interferon (IFN) is expressed following the detection of intracellular invasion

by host cytosolic or membrane-bound pattern recognition receptors (PRRs) and can
lead to the expression of more than 3,000 interferon-stimulated genes (1). The expres-
sion of type | IFN can be induced by a number of signaling pathways that become
activated upon the cytosolic or vacuolar detection of pathogen-associated molecular
patterns (PAMP), including microbial nucleic acids and cell wall or membrane compo-
nents. Six different Toll-like receptors (TLRs) have been shown to localize to vacuolar
membranes following phagocytosis, and when activated, they induce a signal trans-
duction pathway that leads to increases in the expression levels of type | IFN and other
cytokines (2). Several of these cytokines, including TLR3, -7, -9, and -13, recognize
nucleic acids that can be released when bacteria or viruses are lysed or uncoated in
acidified phagolysosomes. Upon bacterial lysis, DNA, single-stranded RNA (ssRNA), and
even short double-stranded RNA (dsRNA) are released, which should theoretically
activate all of these nucleic acid TLRs, yet generally, in vivo, the absence of just one PRR
can result in a loss of type | IFN signaling (3). This indicates that there is little
redundancy between the TLRs and their roles during infection.

TLR7 and TLR9 are activated by ligand binding, dimerization, and proteolysis in the
acidic environment of the phagolysosome (4). These events result in the binding of
TLR7 or -9 to its adaptor protein myeloid differentiation factor 88 (MyD88) via their
respective TIR (Toll/interleukin receptor) domains. The subsequent formation of a
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cytosolic protein complex, known as the Myddosome, activates a phosphorylation
cascade that leads to the strong activation of inflammatory cytokines and type | IFNs
(5). The expression of type | IFN through phagosomal TLR3 and TLR4 requires an
alternate adaptor, TIR domain-containing adaptor inducing interferon beta (TRIF),
which leads to the high-level expression of IFN-B (6). Nearly all cells in the body express
the type | IFN receptor, which induces an antiviral response and the expression of
proinflammatory cytokines upon binding to IFN. Type | IFN signaling is frequently
detrimental to the host during bacterial infection, with multiple mechanisms being able
to cause IFN-dependent immunopathology (7, 8).

We have previously shown that type I IFN signaling contributes to the pathogenesis
of plague, a flea-borne disease that has been responsible for three worldwide pan-
demics (9, 10). Exposure to its causative agent, Yersinia pestis, results in uncontrolled
bacterial growth in primary tissues that is accompanied by dissemination through the
vasculature and secondary colonization throughout the body (11). Early after infection,
Y. pestis establishes an immune-suppressive environment, which requires two virulence
factors that are induced in the 37°C host environment. The thermal downregulation of
bacterial LpxL causes the hypoacylation of lipid A, resulting in the expression of
predominantly the tetra-acylated form that is less stimulatory to mammalian TLR4 (12,
13). In addition, extracellular bacteria express the type Il secretion system (T3SS) to
inject immune modulators, collectively known as Yersinia outer proteins (Yops), into
phagocytic cells (14). Yop activity can inhibit phagocytosis, suppress inflammatory
responses, and induce programmed cell death (15-17). The phagocytosis of Y. pestis by
neutrophils leads to the killing of bacteria, whereas bacteria generally survive internal-
ization by macrophages (18).

In spite of this and other mechanisms for preventing phagocytosis, Y. pestis is likely
taken up by macrophages in vivo, where it survives; replicates in a neutral-pH, Rab1B™
vacuolar compartment; and eventually causes lysis of the host cell (19-21). Survival in
phagosomes is not dependent on the T3SS, and T3SS activity in the phagosome is
minimal (22, 23). The role of intracellular Y. pestis in pathogenesis is not well understood
but is believed to be important, as viable intracellular bacteria were reported to be
detected in macrophages during the first few days of infection in vivo (24). In addition,
a Y. pestis strain lacking the 2-component regulatory pathway PhoPQ, which is known
to severely reduce intracellular survival, was found to be attenuated for virulence in the
murine plague model (25-27).

Mice lacking the type I IFN receptor IFNAR were previously shown to be more
resistant to pulmonary Y. pestis infection (9). Ifnar—/— mice initially developed systemic
infection with an inflammatory cytokine profile similar to that of wild-type (WT) mice.
In the later stages, mutant mice developed large neutrophilic inflammatory foci in the
liver that correlated with the eventual clearance of infection, whereas these foci were
less frequent and even absent in WT mice. Furthermore, neutropenia was observed in
the bone marrow of infected WT mice, while larger neutrophil populations were found
in the bone marrow of Ifnar—’— mice, suggesting that type | IFN signaling may
contribute to systemic neutrophil depletion. In this work, we explored host-pathogen
interactions that are responsible for causing the expression of type | IFN during Y. pestis
infection. We identified an atypical TLR7 signaling pathway induced by Y. pestis that is
an important contributor to IFN-B expression and characterized its role in the progres-
sion of plague.

RESULTS

TLR7 is required for optimal expression of IFN-B during Y. pestis infection of
macrophages. To characterize the mechanism by which Y. pestis induces the expres-
sion of type I IFN, we measured the secretion of IFN-B induced by T3SS-positive (T3S5%)
and T3SS-negative (T3SS™) bacteria. Bone marrow-derived macrophages (BMDMs)
isolated from wild-type C57BL/6 mice produced IFN-B when infected with Y. pestis
T3SS™ strain KIM D27, and even more IFN-B was induced by T3SS™ strain KIM6 (Fig. 1A).
IFN-B expression was decreased when macrophages were pretreated with cytochalasin
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FIG 1 TLR7 is required for optimal IFN-$ expression by macrophages infected with Yersinia pestis. (A) WT
BMDMs were infected with Y. pestis T3SS* or T3SS~ bacteria (both pgm negative) at an MOI of 20; the
IFN-B level in the supernatant was measured by an ELISA at 4 hpi. (B) RAW 264.7 macrophages were
pretreated with cytochalasin D (CytoD) or the vehicle (UN) and then infected with the Y. pestis T35S~
strain, and the IFN-B level in the supernatant was measured at 4 hpi. (C to F) WT or TIr7—/— BMDMs were
infected with the Y. pestis T3SS~ strain (C and D) or Staphylococcus aureus (E and F) at an MOI of 20 (Y.
pestis) or an MOI of 5 (S. aureus), control cells were mock infected, and IFN-B (C and E) and TNF-a (D and
F) levels in the supernatant were measured by an ELISA at 4 hpi. Error bars show standard deviations
from the means. Data shown are representative of results from at least two independent trials; each
sample was tested in duplicate. Data were analyzed by two-way ANOVA followed by the Holm-Sidak test
for multiple comparisons. *, P < 0.05; ns, not significant; nd, not detected.

D followed by Y. pestis infection (Fig. 1B; see also Fig. STA in the supplemental material).
This suggests that the inhibition of phagocytosis reduced the expression of type | IFN,
indicating that expression occurs following the recognition of intracellular bacteria.
Consistent with this hypothesis, L929 cells, a nonphagocytic fibroblast cell line com-
monly used for measuring IFN-B responses to intracellular bacteria, did not express
detectable type | IFN or the interferon-stimulated gene Ccl5 (Fig. S1B).

Because Y. pestis is believed to survive and replicate in an intracellular phagosomal
compartment in macrophages, phagosomal TLRs, rather than cytosolic PRRs, are likely
to be activated. We therefore tested for a role for one of these TLRs, TLR7, which
recognizes short single-stranded RNA ligands in phagosomes and can be activated by
bacterial mRNA (3, 28). Y. pestis-infected BMDMs from Tlr7—/— mice expressed very little
IFN-B, only about 10% of that of WT BMDMs infected with T3SS~ strain KIM6, suggest-
ing that TLR7 is required for the full induction of type | IFN (Fig. 1C). We also tested
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KIM6AphoP, which is rapidly lysed following phagocytosis because it fails to prevent the
acidification and subsequent maturation of the phagosome. As expected, the AphoP
intracellular survival mutant (T3SS™) induced a significant increase in the number of WT
BMDMs (Fig. 1C). Similarly, TIr7—/— BMDM:s also expressed higher levels of IFN-B when
infected with the AphoP mutant, with an approximately 9-fold increase over that
induced by infection with KIM6, suggesting that one or more other PRRs are activated
by the AphoP mutant. Therefore, the importance of TLR7 for the induction of IFN-3
expression may be more critical during infection by Y. pestis strains that survive in the
intracellular compartment than during infection by bacteria that are killed there. In
contrast, TIr7—/— BMDMs secreted similar levels of tumor necrosis factor alpha (TNF-a)
during infection with KIM6 or the AphoP mutant, suggesting that TNF-a secretion by
infected macrophages occurs through a different pathway that is neither dependent on
TLR7 nor significantly impacted by bacteria that lyse in the intracellular compartment
(Fig. 1D).

To verify that TIr7=/— BMDMs were not generally deficient in inducing IFN-B, we
infected these cells with Staphylococcus aureus, which is known to activate IFN-B
expression through TLR9 (29). Wild-type S. aureus Newman induced IFN-B in WT and
TIr7=/~ macrophages, with a small, <20%, decrease being observed in the absence of
TLR7 (Fig. 1E). When a multiple-comparisons statistical analysis was performed, this
difference, although reproducible, was not significant. This result suggests that TLR7
may make a small contribution to IFN-B expression during S. aureus infection of
macrophages. The S. aureus Aspa mutant, which lacks protein A, was previously shown
to be defective for inducing the expression of IFN-B during dendritic cell infection (30).
We therefore also compared IFN-B expression levels between WT and TIr7—/~ BMDMs
following infection with the S. aureus Aspa mutant. WT and TIr7—/— BMDMs expressed
approximately 30% less IFN-B during infection by the Aspa mutant than during
infection by WT S. aureus Newman, but this difference was not significant. Importantly,
no detectable differences in IFN-B expression levels were detected between WT and
Tlr7=/— BMDM s infected with the S. aureus Aspa mutant. Likewise, TNF-a expression
was decreased only 25% between WT and TIr7—/— BMDM:s infected with the S. aureus
Aspa mutant, a difference that was not statistically significant (Fig. 1F). This suggests
that TLR7 is dispensable for TNF-a and IFN-3 secretion during S. aureus infection of
macrophages. Overall, the data support a model whereby TLR7 is activated by Y. pestis
but not by S. aureus.

The canonical TLR7 adaptor MyD88 is dispensable for IFN-f3 expression by Y.
pestis-infected macrophages. The typical consequence of TLR7 activation is the
recruitment of its canonical adaptor MyD88 and the subsequent signal transduction
pathway that leads to the activation of the transcription of cytokines, including type |
interferon (21). Given that the T3SS is relatively inactive from the intracellular niche, we
restricted our in vitro studies to using T3SS-deficient strains and asked if MyD88 is
involved in IFN-B secretion during Y. pestis infection. BMDMs from C57BL/6 and
Myd88—/~ mice were infected with Y. pestis KIM6, and IFN-3 levels were measured by
an enzyme-linked immunosorbent assay (ELISA). Unexpectedly, infected Myd88—/—
BMDM:s secreted levels of IFN-B equivalent to those secreted by infected wild-type cells
(Fig. 2A). Similarly to KIM6, infection by the AphoP mutant did not reduce IFN-B
expression by Myd88—/— BMDM:s, indicating that IFN-f secretion by the intracellular
survival mutant is also MyD88 independent. In contrast, TNF-a secretion in KIM6-
infected macrophages was dependent on MyD88, while Myd88—/— BMDMs produced
smaller, but still substantial, amounts of TNF-a when infected by the AphoP mutant
(Fig. 2B). These results demonstrate that MyD88 is involved in the expression of
proinflammatory cytokines during Y. pestis infection but does not contribute signifi-
cantly to IFN-B expression. Combined, the data suggest that TLR7 activates IFN-B
expression independently of its canonical adaptor MyD88 during Y. pestis infection of
macrophages.

YopJium suppresses IFN-B expression during Y. pestis infection of macro-
phages. We asked whether wild-type Y. pestis CO92 (T3SS* pgm™) induced macro-
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FIG 2 MyD88 is not required for Yersinia pestis induction of IFN-B. Wild-type and Myd88—/— BMDMs were
infected with the Y. pestis T3SS~ strain, and the IFN-B (A) or TNF-« (B) level was measured at 4 hpi. Error
bars show standard deviations from the means. Data shown are representative of results from two
independent trials; each sample was tested in duplicate. Data were analyzed by two-way ANOVA
followed by the Holm-Sidak test for multiple comparisons. *, P < 0.05; nd, not detected.

phages to transcribe IfnB mRNA. As expected, CO92 induced a large increase in Ifnf3
transcription (Fig. 3A). Unexpectedly, however, the amount of /fn3 mRNA induced by
C092, which expresses the T3SS like the KIM D27 strain, was 7-fold larger than that
induced by KIM D27 and was even slightly larger than that induced by T3SS™ strain
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FIG 3 Y. pestis KIM YopJ partially inhibits IFN-B expression. RAW 264.7 macrophages were infected with the
virulent wild-type CO92 (T3SS* pgm™) (A), KIM D27 (T3SS* pgm-negative) (A, C, and D), CO92pCD1~ (T3SS
pgm-negative) (B), or KIM6 (T35S~ pgm-negative) (A and B) Y. pestis strain at an MOI of 20. Mock cells were
not infected. The /fnf3 mRNA level was quantified by real-time PCR at 2 hpi (A), or the IFN-B protein level was
quantified by an ELISA at 4 hpi (B to D). (C and D) RAW 264.7 macrophages were pretreated with 20 uM
z-VAD-fmk or the vehicle control prior to infection with Y. pestis KIM D27 or the yopJc,,,, mutant at an MOI
of 20. At 4 hpi, LDH (C) and IFN-B (D) levels in the supernatant were measured, IFN-3 levels were normalized
to the amount present in 4 X 10° macrophages (equal to the average number of viable cells in the
WT-infected samples measured in panel C), and data shown are representative of results from three
independent trials, each with biological replicates that were analyzed in duplicate. Statistical significance was
evaluated by one-way ANOVA followed by Sidak’s (A) or Tukey’s (C and D) test for multiple comparisons or
by paired Student’s t test (B). ns, not significant; *, P < 0.05; nd, not detected.
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KIM6. Similar results were observed when we compared IFN-$ secretion by macro-
phages infected with Y. pestis CO92 (T3SS™ pgm™) and KIM6 (T3SS™ pgm negative) (see
Fig. S2A in the supplemental material). These data suggest that there could be
differences in IFN-B expression caused by infection by the two Y. pestis biovars Y. pestis
bv. mediaevalis (KIM) and Y. pestis bv. orientalis (CO92). When IFN-f expression levels
were compared between macrophages infected with KIM6 and those infected with
C092pCD1~ (both T3SS™), there was no detectable difference (Fig. 3B). These data
strongly suggest that the T3SS of KIM suppresses IFN-f3 expression, whereas the T3SS
of C092 does not. Consistent with this hypothesis, we found an increase in IFN-B
expression when we treated T3SS™ KIM-infected macrophages with gentamicin, which
killed extracellular (T3SS-active) but not intracellular (T3SS-inactive) bacteria (Fig. S2B)
(31). In contrast, gentamicin-treated macrophages infected with the T3SS~ strain had
no change in IFN-B expression compared to vehicle-treated cells.

One notable sequence difference between the T3SSs of KIM and C0O92 is the effector
protein YopJ. YopJ from the KIM strain has been shown to have increased activity
compared to that of the CO92 strain (32). YopJ is an acetyltransferase that modifies and
inactivates host mitogen-activated protein (MAP) kinases, including those that regulate
cell death via caspase-1 or those that activate the transcription factors NF-«B, AP-1, and
IFN regulatory factor 3 (IRF3) (33-35). We therefore sought to determine if YopJ could
suppress the Y. pestis-induced expression of IFN-B. Macrophages were infected with V.
pestis KIM5pCD1ApR (T3SS* pgm negative) expressing a catalytically inactive form of
YopJ (YopJc,7,4) that is injected into the host cell along with all the other Yop effectors
(36). Given the impact of YoplJ on inducing the rapid lysis of macrophages, we
measured lactate dehydrogenase (LDH) release as an indication of host cell lysis and
evaluated the effect of inhibition of programmed cell death on IFN-B expression
induced by T3SS* Y. pestis. Pretreatment of macrophages with the pancaspase inhibitor
z-VAD-fmk (benzyl oxycarbonyl-Val-Ala-Asp OMe-fluoromethylketone) was used to in-
hibit programmed cell death via caspase-1 or caspase-3 (37). Cells were then infected
with Y. pestis or the yopJ-,,,, strain and tested for LDH release as well as IFN-3
secretion. As expected, KIM D27 induced rapid lysis of macrophages, and an average of
approximately 55% of the maximum possible LDH release occurred at 4 h postinfection
(hpi) (Fig. 3Q). In contrast, the yopJc,,,, mutant induced only 10% lysis in this time
frame, similarly to cells that were not infected. Treatment of macrophages with
z-VAD-fmk caused a reduction in LDH release, indicating that the z-VAD-fmk treatment
partially blocked cell death. In contrast, z-VAD-fmk treatment caused no change in LDH
release by cells infected with the yopJ-,,,, mutant. We also assayed culture superna-
tants for IFN-B and normalized the values according to the number of viable cells
present. Both WT Y. pestis and the yopJ,,,, mutant induced IFN-B, with significantly
higher levels being found in the yop) mutant-infected samples (Fig. 3D). Together,
these data are consistent with a role for YopJ in the suppression of IFN-B expression in
addition to its role in inducing the cell death of Y. pestis KIM-infected macrophages.
These activities likely combine to cause reduced IFN-B expression by KIM-infected
macrophages compared to the C0O92 strains.

TLR7 contributes to pathology in the liver during septicemic plague. To deter-
mine if TLR7 was important for IFN-B expression in vivo, we studied Y. pestis KIMl D27
(T3SS* pgm negative) infection of Tlr7—/— mice. Intranasal challenge of TIr7=/— mice
with Y. pestis KIM D27 resulted in increased survival compared to that of WT C57BL/6
mice (Fig. 4A). On day 5 postinfection, serum IFN-B was detectable in WT mice, while
TIr7=/~ mice had no detectable serum IFN-B (Fig. 4B). In contrast, WT and TIr7—/~ mice
developed increases in serum TNF-« levels, with no detectable differences between the
two groups (Fig. 4C). Also consistent with the in vitro data, Myd88—/— mice challenged
by intranasal infection with Y. pestis KIM D27 developed elevated serum IFN-B levels,
with no detectable differences compared to WT mice (Fig. 4D). These data are consis-
tent with a critical role for a noncanonical, MyD88-independent TLR7 pathway in
inducing IFN-B expression during Y. pestis infection in vivo.
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We previously showed that /fnar—/— mice challenged with Y. pestis KIM D27 had
larger granulomatous lesions in the livers on day 5 following intranasal infection with
the Y. pestis T3SS* pgm-negative strain (9). This phenotype was also seen in Tlr7—/~
mice. When analyzed by histopathology, the livers of TIr7=/~ mice frequently devel-
oped very large (100- to 200-um diameter), granulomatous inflammatory foci that were
not observed in wild-type mice (Fig. 5A to E). These data are consistent with an
improved neutrophilic response in TIr7=/~ mice. As expected for the Y. pestis pgm-
negative strain, the lungs of WT and TIr7=/~ mice generally had mild pathology, with
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FIG 5 TIr7=/~ mice induce granulomatous lesions in the liver during Y. pestis KIM D27 infection. Groups of 5 to 8 WT and
Tlr7—/— mice were challenged by intranasal infection with Y. pestis KIMl D27 (T3SS+ pgm negative). On day 5 postinfection,
animals were euthanized, and formalin-fixed livers were sectioned, stained with hematoxylin and eosin, and analyzed by
histopathology. (A and B) Representative lesions for WT (n = 6) (A) and TIr7—/~ (n = 10) (B) mice (collected in two independent
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ns, not significant.
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over 14 days. Data shown were collected in 3 independent trials (n = 26 or 30 per group). (B to F) On day 3 postinfection,
animals were euthanized; blood was collected by cardiac puncture for multiplex serum cytokine analysis; and lungs, liver, and
spleen were homogenized for the enumeration of the bacterial load. (B) Bacterial counts in the indicated tissues. Bars indicate
medians, and the percentages of each tissue that had undetectable bacterial titers are indicated in parentheses. (C) Serum
TNF-a. (D) IL-6. The right panel shows percentages of animals in each group with high IL-6 titers. (E) IL-10. (F) IL-1p3. Bars
indicate the means, and the percentages of mice with undetectable cytokines are indicated (n = 17 WT and 19 TIr7=/~ mice
[3 WT mice and 1 TIr7=/~ mouse died prior to 72 hpi], collected in two independent trials). Statistical significance was evaluated

by a Mantel-Cox log rank test (A) or by Student’s t test (B to F). ns, not significant.

the occasional appearance of inflammatory foci (see Fig. S3A and S3B in the supple-
mental material). In contrast, the spleens of WT mice generally contained large amounts
of red pulp necrosis and bacteria, whereas this was less severe in TIr7—/~ mice (Fig. S3C
and S3D). Combining the histopathology and cytokine data, the phenotype of Tlr7—/—
mice during Y. pestis KIVl D27 infection suggests a lack of type | IFN signaling (9).

To gain insight into the function of this pathway during lung infection, we also
characterized the phenotype of TlIr7—/~ mice during respiratory infection with Y. pestis
C092, a pgm™ strain that causes fulminant bronchopneumonia along with secondary
sepsis (11). WT and TIr7—/~ mice were challenged by intranasal infection with 1 X 103
CFU (approximately 2.5X the 50% lethal dose [LDs,]) of Y. pestis CO92. A small, but not
significant, increase in the survival of Tlr7=/— mice was observed (Fig. 6A). Moribund
animals and those found dead in the survival studies were examined postmortem for
lesions and bacterial growth in the lungs and liver in order to determine the extent of
primary pneumonic plague and secondary septicemic plague. All of the animals in both
groups developed severe red pulp necrosis in the spleen along with widespread
bacteria, indicating systemic infection in 100% of the mice (data not shown). Approx-
imately 38% of WT mice developed primary bronchopneumonia, while 62% had
interstitial pneumonia (Table 1). In contrast, 69% of TIr7—/— mice had moderate to
severe focal bronchopneumonia, with large areas of neutrophilic infiltrates and bacte-
rial growth in the alveolar space, while other sections of the lung were unaffected. This
suggests that TIr7—/~ mice were more susceptible to primary pneumonia. In the liver,
WT mice had significantly increased pathology and apparent increases in the size and
frequency of bacterial colonies compared to TIr7=/— mice (Table 1). This suggests that
disease in the liver was less severe and perhaps that there was a more effective
clearance of bacteria.
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TABLE 1 Pathology summary for moribund mice®

Mean liver severity Mean liver bacterium
Group? % bronchopneumonia® score * SD¢ score * SD9
WT 38 43 +0.7 33*06
TIr7=/~ 69 3.1 £0.9%** 2.6 £0.7*

an = 13 WT mice and 16 TIr7=/~ mice, collected in two independent trials.

bDefined as bacterial colonies in alveoli, neutrophilic inflammation, and congestion with or without
hemorrhage.

Includes necrosis and inflammatory infiltrates (8 was the highest possible score).

9Bacterial colonies in the liver, visible by H&E stain, were scored for the frequency and size of the colonies
(4 was the highest possible score).

e*** P < 0.001; *, P < 0.05 (analyzed by an unpaired t test).

We also examined bacterial growth and the inflammatory response at 72 hpi in the
lungs, liver, and spleen but found no detectable differences in the amounts of bacteria
that could be recovered from any of the organs (Fig. 6B and spleen data not shown).
However, we could not recover bacteria from a higher percentage of Tlr7—/~ mice than
of WT mice. Serum TNF-¢, interleukin-6 (IL-6), IL-13, IL-10, and IFN-vy levels were also not
detectably different (Fig. 6C to F and IFN-y data not shown). Again, a higher percentage
of Tlr7—/~ mice consistently harbored undetectable TNF-q, IL-6, IL-10, and IFN-vy, and
fewer TIr7—/~ mice had high IL-6 titers (>1,000 pg/ml) than WT mice (Fig. 6D). From this
analysis, it appears there could be early bacterial clearance in the lungs of TIr7—/~ mice
that may directly or indirectly impact bacterial dissemination and the onset of sepsis.
This is somewhat contradictory to the histopathology data shown in Table 1, which
show that TlIr7~/~ mice are more susceptible to pneumonia.

We therefore also examined pathology at 72 hpi. At this time point, 20% of WT mice
and 40% of TIr7—/~ mice had developed bronchopneumonia, characterized by alveolar
necrosis, neutrophilic infiltrates, hemorrhage, exudates, edema, and bacterial colonies
(Fig. 7A and B show representative lesions) (11, 38). The TIr7—/~ group had a higher
median severity score, with increased neutrophilic inflammation in the lungs (Fig. 7E).
This is consistent with the above-described data suggesting that Tlr7—/— mice are more
susceptible to bronchopneumonia. In the liver, WT mice harbored frequent bacterial
colonies, with moderate lesions of hemorrhage and inflammation (Fig. 7C, E, and F). In
contrast, livers from TIr7=/~ mice had a lower median severity score, with frequent
small inflammatory foci as well as occasional bacteria and mild hemorrhage (Fig. 7D to
F). Pathologies in the spleen were not detectably different between WT and TIr7—/—
mice (Fig. 7E and F and Fig. S4). These data are consistent with a liver-specific role for
TLR7 that promotes disease in this tissue. In addition, serum IFN-B was nearly absent in
TIr7=/~ mice, with a significant reduction compared to WT mice, while serum TNF-«
levels were not detectably different (Fig. 7G and H). Overall, the phenotypic observa-
tions suggest a bifunctional, tissue-specific role for TLR7 in the host response to Y. pestis
CO92 infection.

DISCUSSION

Yersinia pestis evades the activation of TLR-mediated inflammatory responses due
primarily to three mechanisms: the lack of flagellin expression, downregulation of
hexa-acylated lipid A, and injection of effector Yops by the T3SS (12, 39). Here we
showed that in spite of these evasive mechanisms, TLR7 recognition of Y. pestis occurs
and leads to the expression of type I IFN. We observed a TLR7-dependent elevation of
serum IFN-B levels in murine models of pneumonic and septicemic plague, and TIr7—/~
mice appeared to have controlled disease in the liver, probably through a more
effective neutrophil response. Combined with the previously reported phenotype of
Ifnar='= mice, there is strong evidence that TLR7-driven type | IFN induces immuno-
pathology during plague.

Type | IFN is known to have differential effects on innate and adaptive immune
responses that can be influenced by disease progression, making the role of this
cytokine subject to context- and tissue-specific changes (40). In mice with TLR7,
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FIG 7 TLR7 is associated with increased liver pathology during pneumonic plague. (A to F) Groups of 5 WT (A, C, E, and F) or TIr7=/~ (B, D, E, and
F) mice were challenged by intranasal infection with 1 X 103 CFU Y. pestis CO92 (T3SS* pgm™). (A to D) On day 3 postinfection, animals were
euthanized, and formalin-fixed lungs (A and B), liver (C and D), and spleen (see Fig. S4A and S4B in the supplemental material) were sectioned,
stained with hematoxylin and eosin, and analyzed by histopathology. Representative lesions are shown; boxes outline the zoomed-in areas shown
in the bottom panels, and arrows point to bacteria in the zoomed-in images. Bars, 100 um (50 wm in the zoomed-in images). (E and F)
Quantification of histopathology. (E) Severity scoring; (F) percentages of samples with bacterial microcolonies visible by histopathology. Bars
indicate medians. (G and H) Serum IFN-B and TNF-a levels were measured by an ELISA. Bars indicate medians, dotted lines indicate the limit of
detection, and X indicates that the animal died prior to analysis. Statistical significance was evaluated by Student’s t test. *, P < 0.05. Data shown

in all panels were collected in 2 independent trials (n = 10 per group).

perhaps an early type | IFN response that dampened neutrophil recruitment in the
lungs reduced tissue damage, which resulted in fewer WT mice developing broncho-
pneumonia. In TIr7—/~ mice, increased numbers of neutrophils may have initially led to
improved bacterial clearance, but perhaps the congestion and tissue damage caused
by neutrophils ultimately promoted the development of pneumonia. In contrast, the
dysregulation of neutrophil recruitment in the liver of WT mice may result in acceler-
ated tissue damage, bacterial growth, and death from septicemic plague. As a conse-
quence of the bifunctional role of TLR7, there was no significant survival difference
between WT and mutant mice in the pneumonic plague model.

In vitro, WT Y. pestis CO92 (T3SS™ pgm™) induced levels of IFN-B expression from
infected macrophages similar to those induced by the attenuated strains lacking the
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FIG 8 Model for atypical MyD88-independent TLR7 signaling during Yersinia pestis infection. Wild-type
Y. pestis prevents the acidification of the macrophage phagosome, and the bacteria remain viable in a
pathogen-containing vacuole. For this compartment, we hypothesize that Y. pestis stimulates atypical
TLR7 signaling (MyD88 independent), which activates the expression of IFN-B. In contrast, the phoP
mutant is unable to prevent the acidification and maturation of the phagosome. Consequently, bacteria
lyse and likely stimulate canonical TLR signaling through MyD88 and TRIF, which activates the transcrip-
tion of IFN-B, TNF-«, and other proinflammatory cytokines. During pneumonic plague, the TLR7 type I IFN
response protects the lungs but causes pathology in the liver.

pigmentation locus and/or the type Ill secretion system. This suggests that the viru-
lence factors used by extracellular wild-type Y. pestis, such as the T3SS, do not prevent
IFN-B expression. This can be explained by the activation of TLR7 by intracellular
bacteria, perhaps through the release of RNA or another ligand by viable Yersinia
bacteria. The Y. pestis phoP mutant, which is defective in preventing the acidification of
the vacuole and survives poorly in the intracellular compartment, induced a TLR7-
independent increase in IFN-B expression. This observation suggests that the phoP
mutant presents new ligands and/or that the acidification of the phagosome allows for
the activation of other TLRs. In either case, it appears that TLR7 is stimulated by WT Y.
pestis when other PRRs are not activated.

Moreover, we found that MyD88 was not required for IFN-B expression, indicating
that Y. pestis activation of macrophage TLR7 does not result in its binding to MyD88.
Together, these observations suggest a hypothetical model whereby the atypical
activation of TLR7 by intracellular Y. pestis allows for the transmission of a MyD88-
independent signal that induces IFN-B expression (Fig. 8). In this model, TLR7 might be
alternatively activated in the Yersinia-containing vacuole, which has a neutral pH,
wherein TLR7 presumably does not undergo dimerization and autoproteolysis. How-
ever, it is also plausible that TLR7, as either a homodimer or a heterodimer with another
TLR, can signal through a MyD88-independent mechanism by binding to a novel PAMP.
Future experiments will address these models in order to understand this atypical
pathway and how it functions during bacterial infection.

TLR7 appears to be associated with a suppressed neutrophilic response, yet two
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TABLE 2 Bacterial strains used in this study

Strain Phenotype? Reference
Yersinia pestis
Y. pestis bv. orientalis

C092 pgm* T3SS* 48
C092pCD1~ pgm negative T35S~ This study
Y. pestis bv. mediaevalis
KIM D27 pgm negative T35S+ 49
KIM6+ pgm™ T35S~ 50
KIM6~ pgm negative T35S~ This study
KIM6 phoP pgm™ T3SS~ lacking PhoP 51
KIM6~ yopJ pgm negative pCD1Ap yopJcy72a 36
Staphylococcus aureus
Newman Wild type (clinical isolate) 52
Aspa Newman lacking protein A 53

apgm, pigmentation locus (102-kb insertion element in the chromosome); T3SS, type Il secretion system
(70-kb virulence plasmid pCD1).

outcomes of this were observed. In the lungs, the TLR7 host response played a
significant role in preventing the development of bronchopneumonia, while in the
liver, the suppression of the neutrophilic response through TLR7 contributed to disease.
Whether TLR7 is accidently triggered by the phagocytosis of Y. pestis or is a virulence
mechanism, selected for by the unique transmission cycle of plague that permits its
worldwide persistence, can be understood through the study of the molecular com-
ponents of this atypical signaling pathway and its function in innate immunity.

MATERIALS AND METHODS

Bacterial strains. Bacterial strains are listed in Table 2. Yersinia pestis strains were routinely grown
fresh from a frozen stock by streaking for isolation onto heart infusion agar (HIA) plates or HIA plates
supplemented with 0.005% (wt/vol) Congo red and 0.2% (wt/vol) galactose to screen for bacteria that
retain the pigmentation locus (41). Staphylococcus aureus was streaked for isolation on Luria-Bertani (LB)
agar. In vitro experiments were performed in the nonpigmented (pgm-negative) strain background as a
model for the wild-type strain. For intranasal challenge studies, a single colony was used to inoculate
calcium-supplemented heart infusion broth (Ca-HIB) and grown for 18 to 24 h at 37°C at 125 rpm. All
work with wild-type pgm™ Y. pestis strain CO92 was performed in a select-agent-authorized biosafety
level 3 (BSL3) laboratory.

Isolation of the Y. pestis nonpigmented mutant (KIM6) and CO92pCD1. The spontaneous loss of
the pigmentation locus from the Y. pestis KIM6*pCD1- strain was identified following plating onto
Congo red agar (41, 42). The deletion of the pigmentation locus on the chromosome was verified by
restreaking onto Congo red and PCR, as previously described, prior to use in experiments (43).
C092pCD1~ was generated from Y. pestis CO92 by using the suicide vector pCVD442 (44). The loss of
pCD1 was verified by PCR and phenotypic analysis (data not shown); the strain isolate was approved as
exempt from Select Agent and Toxins regulations by the U.S. Centers for Disease Control and Prevention
Division of Select Agents and Toxins prior to use in experiments.

Vertebrate animals: ethics statement. All animal procedures were performed in compliance with
guidelines of the Office of Laboratory Animal Welfare and the National Institutes of Health Guide for the
Care and Use of Laboratory Animals (45) and were approved by the University of Missouri Animal Care and
Use Committee.

C57BL/6J mice were the inbred strain background of TIr7=/~ and Myd88~/— mice (Jackson Labora-
tories, Bar Harbor, ME). Wild-type C57BL/6J and mutant strains were bred in-house at the University
of Missouri. Male and female wild-type and mutant mice ranging from 15 to 30 g were used for
challenge experiments. All infected mice were monitored by daily assignment of health scores,
which involved assessments of their appearance and activity. Animals that survived to the end of the
14-day observation period or were identified as moribund (defined by pronounced neurologic signs,
inactivity, and severe weakness) were euthanized by CO, asphyxiation followed by bilateral pneu-
mothorax or cervical dislocation, according to the American Veterinary Medical Association Guide-
lines on Euthanasia (54).

Histopathology. Lungs were perfused and fixed in 10% formalin, along with liver and spleen. Organs
were further processed for paraffin embedment, blocked in wax, and cut into 5-um sections. Tissue
sections were stained with hematoxylin and eosin (H&E), and coverslips were permanently affixed to
stained slides. Sample identities were blinded for analysis. For quantification of the inflammatory lesions
in liver, 10 nonoverlapping low-power fields were counted for each animal; two independent counts
were taken, and the average of these counts was reported. Severity scoring was based on the sizes of
necrotic and inflammatory lesions and their frequencies in the tissue section; each category was scored
from 0 to 4, and the sum is reported as a severity score in Table 1.
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Infection studies. At 72 hpi, mice were euthanized, and blood, lungs, liver, and spleen were
collected. Serum was collected following centrifugation, treated with antibiotics to inactivate Y. pestis,
and stored at —80°C until samples from both trials could be analyzed together. Serum cytokine levels
were measured by a multiplex assay (5 cytokines; Sigma-Millipore) (Fig. 6) or by an ELISA (Fig. 7). Tissues
were homogenized in sterile phosphate-buffered saline (PBS) and then diluted and plated onto HIA in
duplicate for the enumeration of bacteria.

Bone marrow-derived macrophage isolation. Bone marrow was isolated from C57BL/6, TIr7—/—,
and Myd88~/~ mice, as previously described, by culturing for 7 days in Dulbecco’s modified Eagle’s
medium (DMEM) containing 20 ng/ml macrophage colony-stimulating factor (M-CSF) and 10% fetal
bovine serum (FBS) (eBioscience, San Diego, CA) (46).

Cellular infection assay. RAW 264.7 macrophages, BMDMs, or L929 cells were plated at 1 X 10 cells
per well in a 12-well plate. Where indicated, cytochalasin D or the pancaspase inhibitor z-VAD-fmk
(InvivoGen, San Diego, CA) was added prior to infection. As a control, 4 h of treatment with 1 ug/ml
lipopolysaccharide (LPS) from Escherichia coli (Sigma-Aldrich, MO) was used to stimulate IFN-$3 expres-
sion. Unless otherwise indicated, all Yersinia strains were grown at 26°C for 16 to 24 h, diluted 1:10 in
fresh medium, and grown at 37°C for 2 to 3 h prior to in vitro infection. Staphylococcus strains were grown
at 37°C for 16 to 24 h, diluted 1:10 in fresh medium, and grown at 37°C for 2 to 3 h prior to infection.
For each experiment, the infection dose was verified by plating in triplicate. To initiate contact, infection
mixtures were centrifuged at low speed (41 X g) for 5 min at room temperature. At the indicated times
postinfection, cells were lysed for RNA extraction, and cell culture supernatants were harvested and
stored at —80°C until use, or the IFN-3 level in the supernatant was measured by an ELISA (PBL Interferon
Source, Piscataway, NJ). Duplicate wells were infected for all trials.

RNA isolation and real-time PCR. RNA isolation was performed by using an RNeasy minikit
according to the manufacturer’s instructions (Qiagen, CA). Total RNA was treated with Turbo DNase
(Ambion, TX) to remove residual genomic DNA contamination. First-strand cDNA synthesis was
carried out by using Moloney murine leukemia virus reverse transcriptase (MMLV-RT) (Promega, WI)
on 2 pg of total RNA according to the manufacturer’s instructions. SYBR green PCR master mix
(Applied Biosystems, CA) was used along with previously described gene-specific primers for Ifna,
IfnB, or Ccl5 to detect the presence of an amplified product (9). All samples were run in duplicate.
Results were analyzed by using relative quantification with 7300 SDS software (Applied Biosystems,
CA). Data were normalized to the values for the mouse gene Ywhaz, which is constitutively
expressed with minimal change (9, 47).

LDH assay. RAW 264.7 macrophages were plated at 1 X 10¢ cells per well in a 12-well plate. Where
indicated, the pancaspase inhibitor z-VAD-fmk (InvivoGen, San Diego, CA) was added prior to infection.
Cells were infected with the indicated Y. pestis strains at a multiplicity of infection (MOI) of 20, and the
dose was verified by plating in triplicate. At 4 h postinfection, supernatants were harvested and analyzed
immediately for LDH levels according to the manufacturer’'s recommendations (Promega, Madison, WI).
Mock-infected cells were either lysed by treatment with Triton X-100 to determine maximum LDH release
or left untreated for use as a negative control. All samples were run in duplicate. Data are represented
as a percentage of maximum lysis.

Statistical evaluation. Data from all trials were combined and analyzed for statistical significance.
Comparisons of two samples were made by paired Student’s t test; multiple comparisons were evaluated
by one-way analysis of variance (ANOVA) followed by Tukey’s or Sidak’s posttest. Statistical significance
for survival was evaluated by using the Mantel-Cox (log rank) test. Significance was concluded when the
P value was <0.05.
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.00570-17.

SUPPLEMENTAL FILE 1, PDF file, 1.4 MB.

ACKNOWLEDGMENTS

We are indebted to Bumsuk Hahm for the kind gift of TIr7—/~ mice. In addition, we
thank Olaf Schneewind and George Stewart for the S. aureus strains and Yuging Chen
and David Bland for generating the CO92pCD1~ strain. We also thank members of our
laboratory for assistance with the BSL3 experiments as well as helpful discussion and
critical comments on the manuscript.

This work was partially supported by an NIH Public Health Service award (1 RO1
Al129996-01 to D.M.A.) and a University of Missouri College of Veterinary Medicine
faculty research award (D.M.A.).

Infection and Immunity

REFERENCES
1. de Weerd N, Vivian J, Nguyen T, Mangan N, Gould J, Braniff S, Zaker- ated via the receptor IFNAR1. Nat Immunol 14:901-907. https://doi.org/
Tabrizi L, Fung K, Forster S, Beddoe T, Reid H, Rossjohn J, Hertzog P. 10.1038/ni.2667.
2013. Structural basis of a unique interferon-beta signaling axis medi- 2. Kawai T, Akira S. 2005. Pathogen recognition with Toll-like receptors.

November 2017 Volume 85 Issue 11 €00570-17

jaiasm.org 13


https://doi.org/10.1128/IAI.00570-17
https://doi.org/10.1128/IAI.00570-17
https://doi.org/10.1038/ni.2667
https://doi.org/10.1038/ni.2667
http://iai.asm.org

Dhariwala et al.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

November 2017 Volume 85

Curr Opin Immunol 17:338-344. https://doi.org/10.1016/j.c0i.2005.02
.007.

. Diebold S, Kaisho T, Hemmi H, Akira S, Reis e Sousa C. 2004. Innate

antiviral responses by means of TLR7-mediated recognition of single-
stranded RNA. Science 303:1529-1531. https://doi.org/10.1126/science
.1093616.

. Ewald S, Barton G. 2011. Nucleic acid sensing Toll-like receptors in

autoimmunity. Curr Opin Immunol 23:3-9. https://doi.org/10.1016/j.coi
.2010.11.006.

. Uematsu S, Sato S, Yamamoto M, Hirotani T, Kato H, Takeshita F,

Matsuda M, Coban C, Ishii K, Kawai T, Takeuchi O, Akira S. 2005.
Interleukin-1 receptor-associated kinase-1 plays an essential role for
Toll-like receptor (TLR)7- and TLR9-mediated interferon alpha induction.
J Exp Med 201:915-923. https://doi.org/10.1084/jem.20042372.

. Doyle S, Vaidya S, O'Connell R, Dadgostar H, Dempsey P, Wu T, Rao G,

Sun R, Haberland M, Modlin R, Cheng G. 2002. IRF3 mediates a TLR3/
TLR4-specific antiviral gene program. Immunity 17:251-263. https://doi
.org/10.1016/51074-7613(02)00390-4.

. Ivashkiv L, Donlin L. 2014. Regulation of type | interferon responses. Nat

Rev Immunol 14:36-49. https://doi.org/10.1038/nri3581.

. Dhariwala M, Anderson D. 2014. Bacterial programming of host

responses: coordination between type | interferon and cell death. Front
Microbiol 5:545. https://doi.org/10.3389/fmicb.2014.00545.

. Patel A, Lee-Lewis H, Hughes-Hanks J, Lewis C, Anderson D. 2012.

Opposing roles for interferon regulatory factor-3 (IRF-3) and type |
interferon signaling during plague. PLoS Pathog 8:€1002817. https://doi
.org/10.1371/journal.ppat.1002817.

Pollitzer R. 1954. Plague. World Health Organization, Geneva, Switzer-
land.

Lathem W, Crosby S, Miller V, Goldman W. 2005. Progression of primary
pneumonic plague: a mouse model of infection, pathology, and bacte-
rial transcriptional activity. Proc Natl Acad Sci U S A 102:17786-17791.
https://doi.org/10.1073/pnas.0506840102.

Montminy S, Khan N, McGrath S, Walkowicz M, Sharp F, Conlon J, Fukase
K, Kusumoto S, Sweet C, Miyake K, Akira S, Cotter R, Goguen J, Lien E.
2006. Virulence factors of Yersinia pestis are overcome by a strong
lipopolysaccharide response. Nat Immunol 7:1066-1073. https://doi.org/
10.1038/ni1386.

Price P, Jin J, Goldman W. 2012. Pulmonary infection by Yersinia pestis
rapidly establishes a permissive environment for microbial proliferation.
Proc Natl Acad Sci U S A 109:3083-3088. https://doi.org/10.1073/pnas
.1112729109.

Marketon M, DePaolo R, DeBord K, Jabri B, Schneewind O. 2005. Plague
bacteria target immune cells during infection. Science 309:1739-1741.
https://doi.org/10.1126/science.1114580.

Orth K, Xu Z, Mudgett M, Bao Z, Palmer L, Bliska J, Mangel W, Staskawicz
B, Dixon J. 2000. Disruption of signaling by Yersinia effector Yopl, a
ubiquitin-like protein protease. Science 290:1594-1597. https://doi.org/
10.1126/science.290.5496.1594.

Sauvonnet N, Lambermont I, van der Bruggen P, Cornelis G. 2002. YopH
prevents monocyte chemoattractant protein 1 expression in macro-
phages and T-cell proliferation through inactivation of the phosphati-
dylinositol 3-kinase pathway. Mol Microbiol 45:805-815. https://doi.org/
10.1046/j.1365-2958.2002.03053 X.

Lilo S, Zheng Y, Bliska J. 2008. Caspase-1 activation in macrophages
infected with Yersinia pestis KIM requires the type Ill secretion system
effector protein YoplJ. Infect Immun 76:3911-3923. https://doi.org/10
.1128/1A1.01695-07.

Spinner J, Cundiff J, Kobayashi S. 2008. Yersinia pestis type Ill secretion
system-dependent inhibition of human polymorphonuclear leukocyte func-
tion. Infect Immun 76:3754-3760. https://doi.org/10.1128/IA1.00385-08.
Pujol C, Grabenstein J, Perry R, Bliska J. 2005. Replication of Yersinia
pestis in interferon g-activated macrophages requires ripA, a gene
encoded in the pigmentation locus. Proc Natl Acad Sci U S A 102:
12909-12914. https://doi.org/10.1073/pnas.0502849102.

Tsukano H, Kura F, Inoue S, Sato S, lzumiya H, Yasuda T, Watanabe H.
1999. Yersinia pseudotuberculosis blocks the phagosomal acidification of
B10.A mouse macrophages through the inhibition of vacuolar H(+)-
ATPase activity. Microb Pathog 27:253-263. https://doi.org/10.1006/
mpat.1999.0303.

Connor M, Pulsifer A, Price C, Abu Kwaik Y, Lawrenz M. 2015. Yersinia
pestis requires host Rab1b for survival in macrophages. PLoS Pathog
11:€1005241. https://doi.org/10.1371/journal.ppat.1005241.

Rosqvist R, Forsberg A, Rimpilainen M, Bergman T, Wolf-Watz H. 1990.

Issue 11 e00570-17

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34,

35.

36.

37.

38.

39.

40.

Infection and Immunity

The cytotoxic protein YopE of Yersinia obstructs the primary host de-
fense. Mol Microbiol 4:657-667. https://doi.org/10.1111/j.1365-2958
.1990.tb00635 .x.

Cowan C, Philipovskiy A, Wulff-Strobel C, Ye Z, Straley S. 2005. Anti-LcrV
antibody inhibits delivery of Yops by Yersinia pestis KIM5 by directly
promoting phagocytosis. Infect Immun 73:6127-6137. https://doi.org/
10.1128/1A1.73.9.6127-6137.2005.

Lukaszewski R, Kenny D, Taylor R, Rees D, Hartley M, Oyston P. 2005.
Pathogenesis of Yersinia pestis infection in BALB/c mice: effects on host
macrophages and neutrophils. Infect Immun 73:7142-7150. https://doi
.org/10.1128/1A1.73.11.7142-7150.2005.

Oyston P, Dorrell N, Williams K, Shu-Rui L, Green M, Titball R, Wren B.
2000. The response regulator PhoP is important for survival under
conditions of macrophage-induced stress and virulence in Yersinia pestis.
Infect Immun 68:3419-3425. https://doi.org/10.1128/IA1.68.6.3419-3425
.2000.

Grabenstein J, Marceau M, Pujol C, Simonet M, Bliska J. 2004. The
response regulator PhoP of Yersinia pseudotuberculosis is important for
replication in macrophages and for virulence. Infect Immun 72:
4973-4984. https://doi.org/10.1128/1A1.72.9.4973-4984.2004.
Grabenstein J, Fukuto H, Palmer L, Bliska J. 2006. Characterization of
phagosome trafficking and identification of PhoP-regulated genes im-
portant for survival of Yersinia pestis in macrophages. Infect Immun
74:3727-3741. https://doi.org/10.1128/IA1.00255-06.

Mancuso G, Gambuzza M, Midiri A, Biondo C, Papasergi S, Akira S, Teti G,
Beninati C. 2009. Bacterial recognition by TLR7 in the lysosomes of
conventional dendritic cells. Nat Immunol 10:587-594. https://doi.org/
10.1038/ni.1733.

Parker D, Prince A. 2012. Staphylococcus aureus induces type | IFN
signaling in dendritic cells via TLR9. J Immunol 189:4040-4046. https://
doi.org/10.4049/jimmunol.1201055.

Martin F, Gomez M, Wetzel D, Memmi G, O'Seaghdha M, Soong G,
Schindler C, Prince A. 2009. Staphylococcus aureus activates type | IFN
signaling in mice and humans through the Xr repeated sequences of
protein A. J Clin Invest 119:1931-1939.

Eisele N, Anderson D. 2009. Dual-function antibodies to Yersinia pestis
LcrV required for pulmonary clearance of plague. Clin Vaccine Immunol
16:1720-1727. https://doi.org/10.1128/CV1.00333-09.

Zheng Y, Lilo S, Brodsky I, Zhang Y, Medzhitov R, Marcu K, Bliska J. 2011.
A Yersinia effector with enhanced inhibitory activity on the NF-«kB path-
way activates the NLRP3/ASC/caspase-1 inflammasome in macrophages.
PLoS Pathog 7:€1002026. https://doi.org/10.1371/journal.ppat.1002026.
Zhou H, Monack D, Kayagaki N, Wertz I, Yin J, Wolf B, Dixit V. 2005.
Yersinia virulence factor YopJ acts as a deubiquitinase to inhibit NF-
kappa B activation. J Exp Med 202:1327-1332. https://doi.org/10.1084/
jem.20051194.

Paquette N, Conlon J, Sweet C, Rus F, Wilson L, Pereira A, Rosadini C,
Goutagny N, Weber A, Lane W, Shaffer S, Maniatis S, Fitzgerald K, Stuart
L, Silverman N. 2012. Serine/threonine acetylation of TGFB-activated
kinase (TAK1) by Yersinia pestis YopJ inhibits innate immune signaling.
Proc Natl Acad Sci U S A 109:12710-12715. https://doi.org/10.1073/pnas
.1008203109.

Sweet C, Conlon J, Golenbock D, Goguen J, Silverman N. 2007. YopJ
targets TRAF proteins to inhibit TLR-mediated NF-kB, MAPK and IRF3
signal transduction. Cell Microbiol 9:2700-2715. https://doi.org/10.1111/j
.1462-5822.2007.00990.x.

Zhang Y, Ting A, Marcu K, Bliska J. 2005. Inhibition of MAPK and NF-kB
pathways is necessary for rapid apoptosis in macrophages infected with
Yersinia. J Immunol 174:7939-7949. https://doi.org/10.4049/jimmunol
174.12.7939.

Moriwaki K, Bertin J, Gough P, Chan F. 2015. A RIPK3-caspase 8 complex
mediates atypical pro-IL1b processing. J Immunol 194:1938-1944.
https://doi.org/10.4049/jimmunol.1402167.

Eisele N, Lee-Lewis H, Besch-Williford C, Brown C, Anderson D. 2011.
Chemokine receptor CXCR2 mediates bacterial clearance rather than
neutrophil recruitment in a murine model of pneumonic plague. Am J
Pathol 178:1190-1200. https://doi.org/10.1016/j.ajpath.2010.11.067.
Mukherjee S, Keitany G, Li Y, Wang Y, Ball H, Goldsmith E, Orth K. 2006.
Yersinia YopJ acetylates and inhibits kinase activation by blocking phos-
phorylation. Science 312:1211-1214. https://doi.org/10.1126/science
.1126867.

McNab F, Mayer-Barber K, Sher A, Wack A, O'Garra A. 2015. Type | interfer-
ons in infectious disease. Nat Rev Immunol 15:87-103. https://doi.org/10
.1038/nri3787.

iaiasm.org 14


https://doi.org/10.1016/j.coi.2005.02.007
https://doi.org/10.1016/j.coi.2005.02.007
https://doi.org/10.1126/science.1093616
https://doi.org/10.1126/science.1093616
https://doi.org/10.1016/j.coi.2010.11.006
https://doi.org/10.1016/j.coi.2010.11.006
https://doi.org/10.1084/jem.20042372
https://doi.org/10.1016/S1074-7613(02)00390-4
https://doi.org/10.1016/S1074-7613(02)00390-4
https://doi.org/10.1038/nri3581
https://doi.org/10.3389/fmicb.2014.00545
https://doi.org/10.1371/journal.ppat.1002817
https://doi.org/10.1371/journal.ppat.1002817
https://doi.org/10.1073/pnas.0506840102
https://doi.org/10.1038/ni1386
https://doi.org/10.1038/ni1386
https://doi.org/10.1073/pnas.1112729109
https://doi.org/10.1073/pnas.1112729109
https://doi.org/10.1126/science.1114580
https://doi.org/10.1126/science.290.5496.1594
https://doi.org/10.1126/science.290.5496.1594
https://doi.org/10.1046/j.1365-2958.2002.03053.x
https://doi.org/10.1046/j.1365-2958.2002.03053.x
https://doi.org/10.1128/IAI.01695-07
https://doi.org/10.1128/IAI.01695-07
https://doi.org/10.1128/IAI.00385-08
https://doi.org/10.1073/pnas.0502849102
https://doi.org/10.1006/mpat.1999.0303
https://doi.org/10.1006/mpat.1999.0303
https://doi.org/10.1371/journal.ppat.1005241
https://doi.org/10.1111/j.1365-2958.1990.tb00635.x
https://doi.org/10.1111/j.1365-2958.1990.tb00635.x
https://doi.org/10.1128/IAI.73.9.6127-6137.2005
https://doi.org/10.1128/IAI.73.9.6127-6137.2005
https://doi.org/10.1128/IAI.73.11.7142-7150.2005
https://doi.org/10.1128/IAI.73.11.7142-7150.2005
https://doi.org/10.1128/IAI.68.6.3419-3425.2000
https://doi.org/10.1128/IAI.68.6.3419-3425.2000
https://doi.org/10.1128/IAI.72.9.4973-4984.2004
https://doi.org/10.1128/IAI.00255-06
https://doi.org/10.1038/ni.1733
https://doi.org/10.1038/ni.1733
https://doi.org/10.4049/jimmunol.1201055
https://doi.org/10.4049/jimmunol.1201055
https://doi.org/10.1128/CVI.00333-09
https://doi.org/10.1371/journal.ppat.1002026
https://doi.org/10.1084/jem.20051194
https://doi.org/10.1084/jem.20051194
https://doi.org/10.1073/pnas.1008203109
https://doi.org/10.1073/pnas.1008203109
https://doi.org/10.1111/j.1462-5822.2007.00990.x
https://doi.org/10.1111/j.1462-5822.2007.00990.x
https://doi.org/10.4049/jimmunol.174.12.7939
https://doi.org/10.4049/jimmunol.174.12.7939
https://doi.org/10.4049/jimmunol.1402167
https://doi.org/10.1016/j.ajpath.2010.11.067
https://doi.org/10.1126/science.1126867
https://doi.org/10.1126/science.1126867
https://doi.org/10.1038/nri3787
https://doi.org/10.1038/nri3787
http://iai.asm.org

IFN- Expression via TLR7 during Y. pestis Infection

41.

42.

43.

44,

45,

46.

47.

48.

November 2017 Volume 85

Surgalla M, Beesley E. 1969. Congo red-agar plating medium for detect-
ing pigmentation in Pasteurella pestis. App Microbiol 18:834-837.
Hare J, McDonough K. 1999. High-frequency RecA-dependent and
-independent mechanisms of Congo red binding mutations in Yersinia
pestis. J Bacteriol 181:4896-4904.

Lee-Lewis H, Anderson D. 2010. Absence of inflammation and pneumo-
nia during infection with nonpigmented Yersinia pestis reveals new role
for the pgm locus in pathogenesis. Infect Immun 78:220-230. https://
doi.org/10.1128/1A1.00559-09.

Donnenberg M, Kaper J. 1991. Construction of an eae deletion mutant of
enteropathogenic Escherichia coli by using a positive selection suicide
vector. Infect Immun 59:4310-4317.

National Research Council. 2011. Guide for the care and use of labora-
tory animals, 8th ed. National Academies Press, Washington, DC.
Celada A, Gray P, Rinderknecht E, Schreiber R. 1984. Evidence for a gamma-
interferon receptor that regulates macrophage tumoricidal activity. J Exp
Med 160:55-74. https://doi.org/10.1084/jem.160.1.55.

Joyce E, Popper S, Falkow S. 2009. Streptococcus pneumoniae nasopha-
ryngeal colonization induces type | interferons and interferon-induced
gene expression. BMC Genomics 10:404-420. https://doi.org/10.1186/
1471-2164-10-404.

Welkos S, Friedlander A, Davis K. 1997. Studies on the role of plasmin-
ogen activator in systemic infection by virulent Yersinia pestis strain

Issue 11 e00570-17

49.

50.

51.

52.

53.

54.

Infection and Immunity

C0O92. Microb Pathog 23:211-223. https://doi.org/10.1006/mpat.1997
.0154.

Brubaker RR, Beesley ED, Surgalla MJ. 1965. Pasteurella pestis: role of
pesticin | and iron in experimental plague. Science 149:422-424. https://
doi.org/10.1126/science.149.3682.422.

Bearden S, Fetherston J, Perry R. 1997. Genetic organization of the
yersiniabactin biosynthetic region and construction of avirulent mutants
in Yersinia pestis. Infect Immun 65:1659-1668.

Erickson D, Russell C, Johnson K, Hileman T, Stewart R. 2011. PhoP and
OxyR transcriptional regulators contribute to Yersinia pestis virulence
and survival within Galleria mellonella. Microb Pathog 51:389-395.
https://doi.org/10.1016/j.micpath.2011.08.008.

Duthie E, Lorenz L. 1952. Staphylococcal coagulase: mode of action and
antigenicity. J Gen Microbiol 6:95-107.

Bubeck Wardenburg J, Patel R, Schneewind O. 2007. Surface proteins
and exotoxins are required for the pathogenesis of Staphylococcus
aureus pneumonia. Infect Immun 75:1040-1044. https://doi.org/10
.1128/IA1.01313-06.

Leary S, Underwood W, Anthony R, Cartner S, Corey D, Grandin T, Greenacre
C, Gwaltney-Brant S, McCrackin MA, Meyer R, Miller D, Shearer J, Yanong R
(ed). 2013. AVMA guidelines for the euthanasia of animals. American Vet-
erinary Medical Association, Schaumburg, IL. www.avma.org/KB/Policies/
Documents/euthanasia.pdf.

iaiasm.org 15


https://doi.org/10.1128/IAI.00559-09
https://doi.org/10.1128/IAI.00559-09
https://doi.org/10.1084/jem.160.1.55
https://doi.org/10.1186/1471-2164-10-404
https://doi.org/10.1186/1471-2164-10-404
https://doi.org/10.1006/mpat.1997.0154
https://doi.org/10.1006/mpat.1997.0154
https://doi.org/10.1126/science.149.3682.422
https://doi.org/10.1126/science.149.3682.422
https://doi.org/10.1016/j.micpath.2011.08.008
https://doi.org/10.1128/IAI.01313-06
https://doi.org/10.1128/IAI.01313-06
http://www.avma.org/KB/Policies/Documents/euthanasia.pdf
http://www.avma.org/KB/Policies/Documents/euthanasia.pdf
http://iai.asm.org

	RESULTS
	TLR7 is required for optimal expression of IFN- during Y. pestis infection of macrophages. 
	The canonical TLR7 adaptor MyD88 is dispensable for IFN- expression by Y. pestis-infected macrophages. 
	YopJKIM suppresses IFN- expression during Y. pestis infection of macrophages. 
	TLR7 contributes to pathology in the liver during septicemic plague. 

	DISCUSSION
	MATERIALS AND METHODS
	Bacterial strains. 
	Isolation of the Y. pestis nonpigmented mutant (KIM6) and CO92pCD1. 
	Vertebrate animals: ethics statement. 
	Histopathology. 
	Infection studies. 
	Bone marrow-derived macrophage isolation. 
	Cellular infection assay. 
	RNA isolation and real-time PCR. 
	LDH assay. 
	Statistical evaluation. 

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

