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Francisella tularensis is the causative agent of the debilitating febrile illness tularemia. The severe
morbidity associated with F. tularensis infections is attributed to its ability to evade the host immune
response. Innate immune activation is undetectable until more than 48 hours after infection. The ensuing
inflammatory response is considered pathological, eliciting a septic-like state characterized by hyper-
cytokinemia and cell death. To investigate potential pathological consequences of the innate immune
response, mice deficient in a key innate immune signaling molecule, MyD88, were studied. MyD88
knockout (KO) mice were infected with the prototypical virulent F. tularensis strain, Schu S4. MyD88 KO
mice succumbed to infection more rapidly than wild-type mice. The enhanced pathogenicity of Schu S4 in
MyD88 KO mice was associated with greater bacterial burdens in lungs and distal organs, and the absence
of IFN-+ in the lungs, spleens, and sera. Cellular infiltrates were not observed on histological evaluation
of the lungs, livers, or spleens of MyD88 KO mice, the first KO mouse described with this phenotype to our
knowledge. Despite the absence of cellularinfiltration, there was more cell death in the lungs of MyD88 KO
mice. Thus, the host proinflammatory response is beneficial, and MyD88 signaling is required to limit
bacterial burden and prolong survival during pulmonary infection by virulent F. tularensis. (Am J Pathol

2013, 183: 1223—1232; http://dx.doi.org/10.1016/].ajpath.2013.06.013)

Inhalation of Francisella tularensis results in pneumonic
tularemia, which is the most severe form of disease and
associated with mortality rates up to 30% to 60% among
untreated individuals.'* Additionally, its low infectious dose
of <10 colony-forming units (CFU) and high morbidity have
led to its incorporation into previous governmental bio-
weapons programs and prompted the Centers for Disease
Control and Prevention to list F. tularensis as a Tier 1 select
agent.' ® There are two clinically relevant subspecies of
F. tularensis, F. tularensis subsp. tularensis (type A) and
F. tularensis subsp. holarctica (type B), with the former
being the most infectious and causing the most severe form of
disease.” Due to the restrictive biocontainment needed to
work with these strains, attenuated strains such as F. tular-
ensis subsp. holarctica Live Vaccine Strain (LVS) are often
used to model the more virulent strains of F. tularensis.

F. tularensis is considered to be a stealth pathogen due to
its ability to evade immune detection.” Following pulmonary
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exposure, F. tularensis replicates within macrophages and
dendritic cells while simultaneously suppressing their acti-
vation and thereby limiting the production of proin-
flammatory cytokines.® ” Robust bacterial replication and
dissemination to distal organs occur during the early stages of
infection while there is not a detectable host response.'” The
lack of an innate immune response early during infection is
important for the extreme virulence of F. tularensis.
Administration of nontypeable Haemophilus influenzae or
acai berry polysaccharide before infection with F. tularensis
activates the innate immune response and prolongs survival
of mice.'""'? Additionally, mutants of F. tularensis that
stimulate the host immune response more robustly are less
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virulent in a pulmonary model of tularemia.'” Taken
together, F. tularensis is able to evade the host immune
response for at least 48 hours after infection. However, early
induction of the host response decreases the morbidity of
mice infected with F. rularensis, suggesting that the bacte-
rium is susceptible to an activated host response.

Cytokines and recruited immune cells are readily detected in
the lungs by 72 hours after infection, but it is uncertain whether
this host response is beneficial or detrimental.”'*'" The
immune response has been characterized as a septic-like state
with hypercytokinemia in the organs and blood, bacteremia,
and depletion of immune cells.'” '’ To control LVS infection,
a clear role has been established for a variety of cell pop-
ulations, cytokines, and signaling pathways of the innate
immune response, including tumor necrosis factor-o. (TNF-a),
interferon-y (IFN-v), Toll-like receptor 2 (TLR?2), and myeloid
differentiation primary response 88 (MyD88).'®'? However,
direct assessments of neutrophils, natural killer cells, IFN-vy,
and TNF-o during primary tularemia with virulent F. rularensis
strains suggest they do not have a comparable role.'**"'
Production of host matrix metalloprotease 9, which is impor-
tant for the recruitment of neutrophils, also exacerbates the
pathogenesis of F. tularensis.”” However, the septic-like state
also occurs in mice infected with attenuated Francisella strains
at nonlethal doses of bacteria,'* suggesting that the correlation
with death is not causal. There is also a plateau in the bacterial
burden subsequent to immune activation, consistent with the
host response restricting bacterial growth.'* Using a convales-
cent model in which antibiotic administration extends the life of
the mice infected with F. tularensis, beneficial contributions of
IEN-v, IL-12, T cells, and B cells were established that could
not otherwise be observed in a native infection.” Investiga-
tions of the convalescent model suggest that there is a role for
the immune response in combating virulent strains of F.
tularensis, which contrasts with previous studies investigating
the cytokines and cell populations during F. tularensis infec-
tion in naive mice.”’ Therefore, additional studies investigating
the innate host response against virulent F. tularensis are
required to clarify the role for this response and to define its
contribution to F. tularensis pathogenesis.

The innate immune response in conjunction with the
epithelial barrier provides the first line of defense against
pathogens. The Toll/IL-1R—receptor (TIR) domain—contain-
ing proteins play a crucial role in innate immune responses.”*
The TIR family comprises TLRs and IL-1 family receptors, as
well as adaptor proteins required for signal transduction from
the receptors to induce proinflammatory cytokines.”” MyD88
is a TIR domain—containing adaptor protein for signaling
from IL-1 family receptors and all TLRs except for TLR3,
which makes MyD88 an important signaling molecule of the
initial host response.”® For many bacterial pathogens, the host
requires MyD88 signaling to successfully control and clear
the infection. MyD88-dependent signaling is often required to
prolong survival,”” " for cellular recruitment and inflam-
mation,27’29 31 and for restriction of bacterial burden.”®*! In
circumstances where MyDS88 signaling is required, it is
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almost universally needed for cytokine and chemokine
responses.”” *”*'7% By contrast, there is at least one
scenario where MyD88 signaling is actually detrimental to the
host response.”* Thus, although MyD88 may be important
generally, the phenotypic requirement for MyD8S is specific
for each pathogen.

The nearly ubiquitous need for MyD88 signaling during
the innate host response to microbial infections makes it
a good model to explore the contribution of host activation
to F. tularensis pathogenesis. Microbiological, immuno-
logical, and natural history outcomes were assessed by
comparing wild-type (WT) and MyD88 KO mice infected
with the prototypical type A strain of F. tularensis, Schu S4,
to identify the possible beneficial and detrimental roles of
the innate host response. MyD88 KO mice had reduced
survival, greater bacterial burdens, and more cell death in
the lungs. Collectively, these data demonstrate a beneficial
role for the innate immune response during primary pneu-
monic tularemia with virulent F. tularensis.

Materials and Methods

Bacterial Culture

Francisella tularensis subsp. tularensis Schu S4 was ob-
tained through the NIH Biodefense and Emerging Infections
Research Resources Repository, National Institute of
Allergy and Infectious Diseases: (FSC237), NR-643. Schu
S4 was cultured on chocolate agar plates (prepared as
previously described'”) at 37°C with 5% CO,. Overnight
cultures were incubated at 37°C and shaken at 250 rpm in
Mueller Hinton Broth (BD Diagnostics, Sparks, MD) sup-
plemented with IsoVitaleX (BD Diagnostics), 0.025% ferric
pyrophosphate (Sigma, St. Louis, MO), and 0.1% glucose
(Fisher Scientific, Fair Lawn, NJ).

Animal Infections

C57BL/6 mice and mice with a MyD88-deficient allele were
purchased from Jackson Laboratory (Bar Harbor, ME) or
provided by Dr. Timothy Billiar, and infected as described
previously.'? Briefly, approximately 100 CFU in 50 pL of
PBS (Life Technologies, Grand Island, NY) were adminis-
tered intratracheally by oropharyngeal instillation. Blood
was removed from mice by cardiac puncture using a hepa-
rinized needle and syringe. The lungs were removed and
then crushed in RPMI (Lonza, Walkersville, MD) medium
supplemented with 10% fetal bovine serum (Life Technol-
ogies). The livers and spleens were removed and then
homogenized in trypticase soy broth (BD Diagnostics)
supplemented with 0.1% cysteine (Fisher Scientific). To
quantify CFU, serial dilutions were performed of the organs
and blood in the supplemented trypticase soy broth, and the
bacteria were plated on chocolate agar plates. Morbidity of
mice was followed using a clinical score incorporating both
the appearance and the activity of the mice. The activity of
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the mice was determined as follows: 1, mild reduction in TUNEL staining was performed following the manufac-
activity; 2, moderate reduction in activity; and 3, severe turer’s protocol (Roche Applied Science, Indianapolis, IN).
reduction in activity. The appearance of the mice was scored

as: 1, mild piloerection; 2, moderate piloerection; and 3, Results

severe piloerection. The sum of both scores was used, with . . .

0 being a healthy mouse and 4 requiring the mouse to be MyD88 Signaling Prolongs Survival and Delays
euthanized. Mice were monitored daily, but once the mice Morbidity

showed signs of illness, they were assessed every 2 to 8

hours, based on the severity of illness There is robust activation of the innate host immune response

during infection with F. tularensis after 72 hours, but the
Cytokine Analysis impact of the response on pathogenesis remains uncertain.'”
To investigate the importance of this innate immune

To measure cytokine production, lungs were manually response, WT C57BL/6 and MyD88 knockout (KO) mice

homogenized through a cell strainer in RPMI medium sup- were administered 100 CFU of virulent F. tularensis Schu S4
plemented with 10% fetal bovine serum, centrifuged at intratracheally to model pulmonary tularemia. The median
21,000 x g for 3 minutes, filtered, and then treated with 100 time to death (MTD) for WT mice was 5.7 days after infec-
ng/mL gentamicin (Life Technologies). Plasma was gener- tion, with 100% of the mice succumbing to infection by day 6
ated from collected blood by centrifugation at 21,000 x g for after infection (Figure 1A). By contrast, the MTD for MyD388
3 minutes and then treated with 100 pg/mL gentamicin and KO mice was 4.7 days after infection, with 100% of these
200 pg/mL ciprofloxacin (Enzo Life Sciences, Farmingdale, mice succumbing to infection by 5.2 days after infection,
NY). After spleens were homogenized for enumeration of before the MTD of the WT mice (Figure 1A). Thus, there was
CFU, they were centrifuged at 21,000 x g for 3 minutes to a l-day decrease in the MTD of the MyD88 KO mice,
remove cellular debris. The resulting supernatants were demonstrating a beneficial role for MyD88 during pulmonary
filtered and treated with 100 pug/mL gentamicin. Cytokines tularemia with virulent F. tularensis.
from the lung, plasma, and spleens were measured by The morbidity of mice was used as an additional measure
enzyme-linked immunosorbent assay following the manu- to determine the impact of the innate host response. Mice
facturer’s instructions: IFN-y (Duoset; R&D Systems, Min- were monitored over the course of the infection using weight
neapolis, MN), IL-12, and TNF-o (matched antibody pairs) loss and a clinical score, which included both the appearance
(eBiosciences, San Diego, CA), and IL-6 (BD Biosciences, and activity of the mice. The clinical score for WT or MyD88
San Jose, CA). KO mice did not change for the first 3 days of the infection.
By the fourth day, there was a slight increase in the average
Histological Analysis clinical score of the WT mice to 0.8 + 0.2 (Figure 1B). By
contrast, there was a significant increase in the morbidity of
After sacrificing the animal, lungs were inflated with 37.5% the MyD88 KO mice by day 4 after infection, resulting in an
formaldehyde for 10 minutes, and spleens and livers were average clinical score of 2.2 £ 0.3 (Figure 1B). Because of
placed directly into the fixative. The organs were embedded the increased morbidity, 7 of 9 MyD88 KO mice needed to be
into paraffin blocks and sectioned by the University of removed from the study by day 4, but 0 of 8 WT mice needed
Pittsburgh, School of Medicine Histology Core in the to be removed before day 5 after infection. In contrast to the
Department of Pathology Development Laboratory. The clinical score, the weight of MyD88 KO mice did not change
sections were deparaffinized and stained with H&E (Sigma), (1.7 £ 2.3%), whereas the WT mice lost weight (11 4= 1.7%)
or immunohistochemistry was performed on the tissues. by day 4 after infection compared to their starting weights
A B C
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Figure 1  MyD88 prolongs survival during pulmonary tularemia. WT and MyD88 KO mice were infected intratracheally with 100 CFU of Schu S4. A: Survival
was assessed as described in Materials and Methods. There were nine mice in the MyD88 KO group and eight mice in the WT group, combined from two
independent experiments. Statistical significance was determined using a log-rank test. The morbidity of the mice over the course of the infection was
monitored using a clinical score (B) and weight loss (C). These data represent the means & SEM for two independent experiments. Significance was determined
using a two-tailed Student’s t-test to compare clinical score and weight loss. *P < 0.05.
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(P < 0.05) (Figure 1C). Overall, these results demonstrate
that MyD88 signaling delays the onset of clinical symptoms
measured by the clinical score and contributes to weight loss.

The Presence of MyD88 Restricts Bacterial Replication

Activation of the host immune response correlates with
stabilization of bacterial burden within the organs of mice.'”
To assess the impact of MyD88-dependent processes on
bacterial burden, WT and MyD88 KO mice were sacrificed
2 and 4 days after infection for enumeration of CFU. Two
days after infection, there was no statistical difference in
CFU found in the lungs, livers, spleens, or blood of infected
MyD88 KO or WT mice (data not shown). By day 4 after
infection, there was over 1 log more CFU in all organs of
MyD88 KO mice compared to WT mice (Figure 2). The
largest difference was observed in the blood, in which
MyD88 KO mice contained 3.5 logs more CFU than WT
mice (Figure 2). These data demonstrate that the previously
described plateau in bacterial burden is the result of the
MyD88-dependent immune responses.

MyD88-Deficient Mice Have an Impaired Cytokine
Response

Due to the critical importance of MyD88 for initiating and
maintaining a proinflammatory cytokine response, the
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Figure 2  MyD88-dependent processes restrict bacterial burdens. On day 4

after infection, the lungs, livers, spleens, and blood were harvested from WT
and MyD88 KO mice, and bacterial burdens were determined. The data are the
means £ SEM for three independent experiments. Significance was determined
using a two-tailed Student’s t-test. *P < 0.05, **P < 0.01, and ***P < 0.001.
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production of several cytokines was analyzed in the lungs,
sera, and spleens of the infected mice. Cytokine concentra-
tions in MyD88 KO and WT mice treated with PBS were not
different (data not shown). Additionally, cytokine production
on day 2 after infection in Schu S4—infected WT or MyD88
KO mice was similar to PBS-treated WT and MyD88 KO
mice (data not shown), which is consistent with previous
observations that the inflammatory response is delayed with
a Schu S4 infection.'®'*!> Four days after infection,
however, there were statistically significant differences in
expression of cytokines between WT and MyD88 KO mice
(Figure 3). IFN-y and IL-12 concentrations were at least
1000-fold higher in the lungs, sera, and spleens of WT mice
infected with Schu S4 than in uninfected mice or in MyD88
KO mice infected with Schu S4 (Figure 3). IL-6 was readily
measured in the lungs, sera, and spleens of both strains of
mice after infection, but levels were still 3- to 5-fold lower in
the MyD88 KO mice (Figure 3). TNF-a was consistently
elevated in the sera of WT mice compared to MyD88 KO
mice, but there was not a consistent statistical difference in
the spleens or lungs of infected WT or MyD88 KO mice
(Figure 3). Overall, cytokine concentrations were higher in
the organs and serum of infected WT mice than infected
MyD88 KO mice. These data correlate the strength of the
proinflammatory response with an increase in the MTD of the
mice and a decrease in the bacterial burden during pulmonary
tularemia.

MyD88 Is Required for the Recruitment of
Inflammatory Cells into the Lungs after Infection

A histopathological hallmark of infection with Francisella
is the formation of inflammatory foci within the lungs and
livers of infected mice.'”*"*>~* To assess the formation of
these foci and the recruitment of immune cells into the
lungs, livers, and spleens of infected mice, H&E staining
was performed on tissue sections collected 4 days after
infection. There was no difference in the appearance of
lungs, spleens, or livers from mice treated with PBS
(Figure 4, A—F). Robust recruitment of immune cells to the
alveolar spaces was observed in the lungs of WT mice
infected with F. rularensis (Figure 4G), which is consistent
with previous studies.'” In contrast to the WT mice, MyD88
KO mice did not have cells visible within the alveolar
spaces of the lung (Figure 4J). The lack of cells recruited to
the alveolar spaces was consistent with the lower cytokine
levels measured in these lungs (Figure 3A). Similar to
previous observations,’® the spleens of WT mice were pale
on gross pathology, and depletion of the red pulp was
visible by H&E staining (Figure 4H). Additionally, there
was a loss of white pulp organization, in which there was
deterioration in the architecture associated with the marginal
zone and follicle (Figure 4H). The regions of red pulp in the
spleens of infected WT mice showed the presence of white
cells (Figure 4H). By contrast, the spleens of the MyD88
KO mice looked normal in color on gross inspection (data
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Figure 3  Loss of MyD88 reduces cytokine production in response to

F. tularensis. Cytokine response was assessed in the lungs (A), serum (B), and
spleens (C) of WT (black bars) and MyD88 KO (grey bars) mice on day 4 after
infection. The data are representative of three independent experiments with
four to five mice per group for the lungs and sera, and two independent
experiments with three mice per group for the spleens. Significance was
determined using a Student’s t-test. **P < 0.01, ***P < 0.001. ND, value is
below detectable limits.

not shown). Despite the normal gross appearance, there was
a loss of the marginal zones, but the centers of the follicles
appeared mostly intact (Figure 4K). Additionally, there did
not appear to be white cells present throughout the red pulp as
was observed for WT infected mice; rather, there were more
intact erythrocytes present in the MyD88 KO mice compared
to WT mice (Figure 4K). Inflammation in the livers of WT
mice was consistent with previous reports in which the livers
of WT infected mice had small inflammatory foci scattered
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throughout,”® but MyD88 KO mice did not have similar
infiltrates (Figure 4, I and L). In MyD88 KO mice, there were
large lesions readily visible throughout the livers of infected
MyD88 KO mice (Figure 4L). These lesions comprised
particles that stained with hematoxylin, consistent with the
size of F. tularensis. These data suggest that the recruitment
of inflammatory cells to organs during infection with F.
tularensis required MyD88, and without MyD88, there was
an altered pathology associated with increased mortality in
MyD88 KO mice.

MyD88 Signaling Reduces Cell Death in the Lung

Within the mouse model of pulmonary tularemia, there is
depletion of inflammatory cells, particularly NK cells and
T cells, %15 but it is unknown whether the cell death is caused
by the bacteria directly or whether it is a result of bystander
effects from the host response. To delineate the contribution
of the host response to cell death'*'” and the histopathology
seen in MyD88 KO mice (Figure 4), tissue sections from
mice infected for 4 days with Schu S4 were investigated
using a TUNEL assay. Similar to previous findings,"” cell
death was observed in the lungs of WT mice infected with
F. tularensis (Figure 5, A—D). Both TUNEL staining and
F. tularensis were in the same regions of inflammation in the
lungs of the WT mice (Figure 5, A—D). Unlike WT mice,
F. tularensis antigen was found throughout the lungs of
MyD88 KO mice, consistent with the greater bacterial burden
(Figure 5, E—H). TUNEL-positive cells were also broadly
present throughout the lungs of MyD88 KO mice, including
areas near the large airways and structural components of
alveoli (Figure 5, E—H). As in the WT, the Francisella
antigen staining was associated with regions of TUNEL
positivity, though not necessarily colocalized with one
another (Figure 5, D and H). Some TUNEL staining in the
lungs of both WT and KO mice appeared more diffuse than
that of isolated eukaryotic nuclei (Figure 5, D and H). This
staining pattern has been observed previously and has been
associated with cell death."”

In contrast to the lungs of MyD88 KO mice, the livers and
spleens of MyD88 KO mice showed levels of cell death
similar to WT mice after infection. The spleens of WT mice
showed TUNEL positivity in areas where there was
F. tularensis antigen, consistent with previous reports
(Figure 5, I-L)."” Similar to what occurred in the WT mice,
TUNEL-positive cells also localized to areas with F. tular-
ensis antigen in the spleens of MyD88 KO mice (Figure 5,
M—P). Scattered TUNEL-positive inflammatory cells were
found in the livers of WT mice infected with Schu S4
(Figure 5, Q—T). F. tularensis antigen staining was limited in
these mice, and it was localized to areas of inflammation and
TUNEL staining (Figure 5, Q—T). By contrast, the amor-
phous lesions seen on H&E staining of MyD88 KO liver
sections (Figure 4L) stained intensely with F. fularensis
antigen (Figure 5, U—X). Similar to what occurred in WT
mice, some cells were positive for both TUNEL and
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F. tularensis antigen, but the vast majority of F. tularensis
staining in the livers of MyD88 KO mice did not colocalize
with TUNEL-positive cells, including the bacteria comprising
the amorphous lesions described above (Figure 5, U—X).
Overall, discrete Francisella antigen staining did not
colocalize with TUNEL in lungs, spleens, and especially
livers, indicating that the TUNEL staining was not from
bacterial DNA. Together, these data highlight the organ-
specific contributions of MyD88 during infection with F.
tularensis, and demonstrate that the presence of MyD88
limits the areas where F. fularensis antigen can be found in
the lungs and the livers of infected mice. Finally, these data
highlight that within the lung, MyD88 has an additional
role of limiting cell death associated with F. tularensis
pathogenesis.

Discussion

F. tularensis is a formidable pathogen owing to its ability to
infect a diverse range of hosts and evade the immune
response.”” Immunological studies using the attenuated
strains of F. tularensis recapitulate the organ pathology
observed with virulent strains, suggesting they are appro-
priate models.””*' The induction of pulmonary tularemia in
mice using LVS has revealed that TNF-a, [FN-y, NK cells,
and neutrophils are required for early control of LVS, but
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Figure 4  Altered organ pathology in MyD88 KO
mice during F. tularensis infection. Lungs (A, D, G,
and J), spleens (B, E, H, and K), and livers (C, F, I,
and L) were harvested from MyD88 KO and WT mice
on day 4 after infection, fixed in formalin, and
then embedded in paraffin. H&E staining was
performed to assess histopathological changes
within the organs. The images shown are repre-
sentative of two lungs, two spleens, and two livers
for PBS-treated mice. Six lungs, five spleens, and
five livers were collected during three independent
experiments for Schu S4—treated WT and MyD88
KO mice. Scale bars: 100 pum. Insets are digital
magnifications of the boxed areas measuring 50
um square.

clearance and resolution of the infection requires the pres-
ence of either CD4 or CDS8 T cells.””*” These host defenses,
however, have not translated to the virulent type A or B
strains of F. tularensis. SCID, B-cell KO, IFNy KO, NK
cell—depleted, and neutrophil-depleted mice infected with
virulent strains of F. tularensis do not have altered survival
compared to WT controls.””' These studies have led to the
conclusion that the innate immune response does not
contribute to the control of virulent F. rularensis.”’
However, recent evidence demonstrates that following
immune activation and immune cell infiltration there is
a plateau of bacterial burden in the lung, liver, and spleen
suggesting that an innate immune response curtails bacterial
replication.'* Here, using virulent F. tularensis in a murine
model of pulmonary tularemia, we demonstrate for the first
time that early host responses depend on MyDS88 to limit
bacterial replication and prolong survival of infected mice.

Phenotypes associated with a loss of MyD88 are not
apparent until the innate immune response can be detected
experimentally. Recent investigations of the immune
response to F. tularensis have demonstrated that cytokines
or recruited cells are not detected until 3 days after infec-
tion. Although a host response could function below the
limits of detection of standard assays, assessment of
F. tularensis infection 2 days after infection in MyD88 KO
and WT mice did not reveal differences in CFU, cytokines,
or lung pathology (data not shown). Therefore, any
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Figure 5  MyD88 restricts cell death in the lung of F. tularensis—infected mice. The lungs (A—H), spleens (I—P), and livers (@—X) were harvested from
MyD88 KO and WT mice on day 4 after infection, fixed in formalin, and then paraffin embedded. Immunohistochemistry was performed to identify the presence
of F. tularensis (red) and cell death by TUNEL staining (green). The images shown are representative of six lungs, five spleens, and five livers collected over
three independent experiments. Scale bars: 100 um. Insets in D and H are digital magnifications measuring 125 pum square. Anti-Ft, F. tularensis antigen

staining; DIC, differential interference contrast.

response that might be occurring below the limits of
detection did not have an impact on CFU. These data are
consistent with previous publications demonstrating that
the immune response is suppressed until at least 48 hours
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after infection.'®'*'> The similarities between WT and

MyD88 KO mice on day 2 after infection substantiate the
conclusion that F. tularensis is a stealth pathogen until
days after infection.
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Weight loss can be an indicator of morbidity during
infection,'” but results reported here suggest it may be an
unreliable measure. MyD88 KO mice maintained their
weight over the course of infection, despite significant
bacterial burdens. By contrast, WT mice lost >20% of their
body weight on average (Figure 1C). These results suggest
that the weight loss observed during infection with
F. tularensis is dependent on the presence of MyD88 and is
likely a result of the greater inflammatory response observed
during infection of WT mice with F. tularensis. These
results are in agreement with a previous report in which WT
mice infected with Clostridium difficile lost more weight
than MyD88 KO mice.*” In patients with HIV, weight loss
is also correlated with activation of the inflammatory
response.”” Finally, LPS-induced anorexia is dependent on
MyD88 signaling from myeloid cells.** Thus, weight loss as
a clinical indicator of disease during tularemia is associated
with the inflammatory response itself rather than the direct
effects of F. tularensis.

Immunological mechanisms responsible for cellular
recruitment and the role of these cells during virulent
F. tularensis infection are not completely understood.
Inflammation develops in the lung and liver commensurate
with immune activation, and is typically detectable by 72
hours after infection.'®'>*5*% However, methodological
differences, such as administering a lower dose of a different
type A strain by aerosol, could affect the amount of pulmo-
nary inflammation observed.”® Matrix metalloprotease-9
(MMP-9) KO mice infected with LVS have reduced
neutrophil recruitment in the lung compared to WT
controls.”” In the same study, MMP-9—deficient mice were
less susceptible to infection with either LVS or Schu S4,22
demonstrating that neutrophil recruitment could be detri-
mental during infection with both attenuated and virulent
F. tularensis strains. IFN-y mediates formation of focal
inflammation in the livers of mice infected with LVS.”
However, opposing results have been obtained with
virulent F. tularensis. Different studies have concluded that
IFN-y does’' and does not™ contribute to focal hepatic
inflammation. In our experiments, inflammation was
consistently present in the lungs and livers of WT mice, but
not in MyD88 KO mice (Figure 4). These data demonstrate
that MyD88 signaling is necessary for the recruitment of
inflammatory cells to the lungs and livers of mice infected
with virulent F. fularensis. By contrast, focal inflammation
was observed in the livers of MyD88 KO mice infected with
the attenuated LVS strain, suggesting that different immu-
nological mechanisms contribute to the host response to these
closely related bacteria.'® Tn conclusion, these studies indi-
cate that although neutrophils specifically may be detri-
mental, the recruitment of inflammatory cells overall is
beneficial and may be causal to controlling replication of
virulent F. tularensis.

The MyD88 KO mice also provide insight into how the
innate immune response restricts the cell range and location
of bacterial replication. F. tularensis infections typically
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culminate with high bacterial loads in the lungs and distal
organs. There is a plateau in the bacterial burden coinciding
with activation of the host response,I4 but the reason for the
limit in bacterial replication could be from depleting the
replicative niche or activities of the immune system. In
MyD88 KO mice, there were significantly higher bacterial
burdens reached in the organs, and as high as 10'° CFU in
the liver (Figure 2). These high bacterial burdens were
achieved in the absence of recruited cells (Figure 4), which
have been hypothesized to expand the available replicative
niche for F. rularensis.® Therefore, these data demonstrate
that bacterial replication in WT mice is inhibited by activ-
ities of the host response rather than depletion of the niche.

The enhanced cell death seen in F. tularensis—infected
MyD88 KO mice indicates the host response is beneficial
rather than detrimental. Previous work concluded that over-
activation and misdirection of the immune response stimulate
cell death. Here, however, cell death was the same (spleen
and liver) or greater (lung) in MyD88 KO mice compared to
WT (Figure 5). Although these results do not rule out the
possibility of a pathological role for inflammation later
during infection of WT mice, they support the idea that the
host response is beneficial. Our findings corroborate those
using the convalescent model of F. fularensis in which
beneficial contributions of the host response were identi-
fied,”” but also show that MyDS88 signaling actually
contributes to host cell survival within the lung.

A definitive mechanism of MyD88-dependent protection
during pulmonary tularemia remains to be defined. MyD88
functions as an adaptor for multiple TIR-containing recep-
tors, including IL-1 family receptors and TLRs.”® Therefore,
MyD88-dependent signaling can drive multiple host
responses. F. tularensis is resistant to a variety of host anti-
microbials, including oxidative stress, bile salts, and host
complement, which suggests that this bacterium must
contend with a variety of host defenses.®** Recently, it was
found that NADPH oxidase contributes to resistance against
F. tularensis Schu S4 in vivo.”" MyD88 signaling is impor-
tant for the assembly of the NADPH oxidase complex.”’ In
this study, however, the phenotypes associated with a loss of
MyD88 were greater in magnitude than in previous studies
looking at the pathogenesis of F. tularensis in gp917"**~"~
KO mice.”” The general importance of MyD88”® and the
overall suppression of cytokines (Figure 3) suggests that the
requirement for MyD88 is likely going to be multifaceted and
could provide an explanation for why attempts to target
specific cytokines or immune cell populations have been
unsuccessful in altering the course of infection with virulent
F. tularensis.

Despite the beneficial role observed for MyD88 during
primary tularemia with virulent F. fularensis strains, the
innate immune response is still inadequate to combat
infection. This is in part due to bacterial effects that restrict
MyD88-dependent, proinflammatory responses. Monocytes
infected with Schu S4 down-regulate MyD8S8 gene expres-
sion,” which would limit the proinflammatory response.

ajp.amjpathol.org m The American Journal of Pathology


http://ajp.amjpathol.org

MyDS88 Restricts F. tularensis Pathogenesis

There is activation of MKP-1 during LVS infection, which
restricts the proinflammatory response through TLR2.'
Bacterial inhibition of MyD88 would exacerbate infection,
accelerate mortality, and could explain in part why the MTD
decreased by only 1 day in the KO mice.

In conclusion, the work presented here demonstrates
a positive role for the host innate immune response during
a primary pulmonary infection with virulent F. tularensis.
MyDS8S signaling is needed for production of IFN-y and IL-
12p40, reaching WT levels of IL-6 and TNF, maintaining
the survival of host cells, and the recruitment of immune cells
to the sites of F. tularensis replication. The immunological
functions that depend on MyD88 restrict the replication of
F. tularensis and prolong survival of infected mice. These
results highlight a previously unappreciated role for the host
response during infection with virulent F. tularensis.
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