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Abstract
Highly virulent bacterial pathogens have evolved rapid
means to suppress host inflammatory responses by un-
known mechanisms. Here, we use virulent Francisella tular-
ensis, the cause of lethal tularemia in humans, as a model to
elucidate these mechanisms. We show that following infec-
tion of murine macrophages F. tularensis rapidly and selec-
tively destabilizes mRNA containing adenylate-uridylate-
rich elements that encode for cytokines and chemokines im-
portant in controlling bacterial infection. Degradation of
host mRNA encoding interleukin (IL)-1(, IL-6 and CXCL1 did
not require viable bacteria or de novo protein synthesis, but
did require escape of intracellular organisms from endocytic
vesicles into the host cytosol. The specific targeting of host
MRNA encoding inflammatory cytokines and chemokines
for decay by a bacterial pathogen has not been previously
reported. Thus, our findings represent a novel strategy by
which a highly virulent pathogen modulates host inflamma-
tory responses critical to the evasion of innate immunity.

© 2014 S. Karger AG, Basel

Introduction

Rapid induction of inflammatory responses is required
for the development of effective innate and adaptive im-
munity against invading pathogens. The host has a wide
array of strategies to detect, respond and eliminate micro-
organisms. These include pattern recognition receptors,
compartmentalization in toxic vacuoles and production
of proinflammatory cytokines and chemokines to direct-
ly activate antimicrobial pathways and/or recruit host
cells capable of aiding in eradication of the pathogen [1].
Virulent organisms must evade and modulate these host
factors to ensure their successful infection, replication
and dissemination in the host. Identification of the mech-
anisms by which highly virulent bacteria negatively regu-
late host responsiveness to infection is central to identifi-
cation of novel therapeutics and vaccines.

Francisella tularensis ssp. tularensis (Ftt) is a Gram-
negative facultative intracellular bacterium and the caus-
ative agent of tularemia. Isolates of Ftt are extremely viru-
lent, causing acute lethal disease in humans and mice fol-
lowing inhalation with as few as 10 bacteria [2]. Ftt infects
the host through a variety of routes, including inhalation,
ingestion, through skin abrasions and by arthropod bites
[3]. Following inoculation, Ftt primarily targets macro-
phages and dendritic cells in the lung and peripheral or-
gans, e.g. the spleen, for intracellular replication [3]. After
being engulfed by the host cell via phagocytosis, the bac-
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terium quickly escapes the endocytic compartment gain-
ing access to the cytosol, where it replicates to high num-
bers. The existence of reproducible in vitro and in vivo
models that closely replicate features of human disease
make Ftt an ideal model organism for the study of immu-
nity to highly pathogenic organisms.

There are several subspecies and strains of Francisella
that can be categorized by their relative virulence for hu-
mans (asreviewed [2]). As stated above Ftt causes an acute,
lethal disease in humans. F. tularensis ssp. holarctica is also
capable of causing significant disease in humans, butis not
typically fatal. Over 60 years ago, a live vaccine strain
(LVS) was generated from F. tularensis ssp. holarctica fol-
lowing serial passage in mice [4]. As a vaccine strain, LVS
is largely attenuated in humans. Lastly, F. novicida is an
avirulent species of Francisella. The avirulent nature of F.
novicida has made this bacterium useful for incorporation
into comparative studies performed with Ftt.

An important aspect of virulence embodied by Ftt, like
other highly pathogenic organisms, is its ability to evade
detection by the host and suppress induction of inflam-
matory responses in vitro and in vivo [5-7]. Here we un-
covered a unique mechanism by which Ftt downregulates
proinflammatory responses. Performing comparative
and coinfection studies with avirulent F. novicida, we
show that Ftt impacted the host inflammatory responses
within the first 2 h of infection without the requirement
for replication or de novo protein synthesis. Our data
identified that the rapid impairment of inflammatory re-
sponses by Ftt was due to its ability to induce selective
decay of host mRNA encoding cytokines and chemokines
required for resolution of infection. This strategy may
represent a common mechanism used by other intracel-
lular pathogens to effectively target and dismantle the
host inflammatory response.

Materials and Methods

Mice and Generation of Bone Marrow-Derived Macrophages

Specific pathogen-free C57BL/6 NHsd mice were bred at Rocky
Mountain Laboratories. C57BL/6] wild-type controls (WT) and
Toll-like receptor 2 (TLR2)-deficient mice (TLR27/~) were pur-
chased from Jackson Laboratories (Bar Harbor, Me., USA). Tristet-
raprolin, i.e. TTP¥ox (WT), controls and TTpflox/flox LysM-Cre
(TTP~'-) were provided by Dr. Peter Murray (St. Jude Children’s
Research Hospital, Memphis, Tenn., USA). All research involving
animals was conducted in accordance with Animal Care and Use
guidelines, and animal protocols were approved by the Animal
Care and Use Committee at Rocky Mountain Laboratories. Bone
marrow-derived macrophages (BMM) were generated as previ-
ously described, except that medium was supplemented with
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20 ng/ml recombinant murine macrophage colony-stimulating
factor and heat-inactivated fetal bovine serum was used in medium
for all BMM cultures (Peprotech, Rocky Hill, N.J., USA) [8]. BMM
were primed with either 500 ng/ml Pam;CSK, (P3C) or 25 ng/ml
monophosphoryl lipid A (both from Invivogen, San Diego, Calif.,
USA) as indicated in every experiment 16 h prior to infection.

Bacteria

Stock cultures of Ftt SchuS4 (Dr. Jeannine Peterson, CDC,
Fort Collins, Colo., USA), SchuS4 AfevR FTT0383 (Dr. Jean Cel-
li, Washington State University, Pullman, Wash., USA), LVS
ATCC29684 (Dr. Karen Elkins, CBER/FDA, Rockville, Md.,,
USA), F. tularensis ssp. holarctica strain FSC200 (Dr. Anders Sjos-
tedt, University of Umea, Umea, Sweden) and F. novicida U112
(Dr. Denise Monack, Stanford University, Stanford, Calif., USA)
were generated and utilized as previously described [6]. As indi-
cated, killed SchuS4 was generated following treatment with 1.5%
paraformaldehyde (PFA) for 30 min and washed twice prior to
inoculation. Alternatively, SchuS4 was killed by y-irradiation
(250 krad, %°Co source) and washed once prior to inoculation.
Successful killing of SchuS4 was verified by incubation of bacteria
72 h on modified Mueller-Hinton agar. Where specified, SchuS4
was pretreated with chloramphenicol (10 pg/ml) 30 min prior to
infection to prevent de novo bacterial protein synthesis, as previ-
ously described [9]. Chloramphenicol was retained in the media
for the duration of the experiment. All experiments were per-
formed under approved BSL-3 safety protocols at Rocky Moun-
tain Laboratories.

Infection and Exposure of BMM to Francisella

Bacteria were resuspended at the indicated multiplicity of infec-
tion (MOI or corresponding MOI for killed bacteria) in 250 pl
complete DMEM [cDMEM, DMEM with glutamine, HEPES and
nonessential amino acid added (Life Technologies, Grand Island,
N.Y., USA), plus 10% heat-inactivated fetal bovine serum (Thermo
Fisher, Waltham, Mass., USA)], added to BMM on ice, and plates
were centrifuged for 15 min at 850 g at 4°C. MOI were selected to
ensure uptake of similar numbers of each strain of bacteria by
BMM. Cells were then incubated at 37°C for 45 min, washed twice
with DMEM, followed by incubation with gentamicin (50 pug/ml for
45 min at 37°C) to eliminate extracellular bacteria. Cells were
washed once with DMEM and cultured in cDMEM. Intracellular
bacteria were enumerated as previously described [10]. Briefly, cul-
ture medium was removed, and cells were lysed with sterile water.
Cell lysates were serially diluted and plated on modified Mueller-
Hinton agar plates for enumeration of colonies. For coinfection
experiments, SchuS4 and F. novicida were mixed and added to
BMM in a total volume of 250 pl and infection proceeded as above.
In coinfected cultures, approximately 95% of cells were infected
with both SchuS4 and F. novicida, as determined by confocal mi-
croscopy. Where specified, BMM were pretreated with cytochala-
sin D (10 pg/ml, A.G. Scientific, San Diego, Calif., USA) or bafilo-
mycin A1 (100 nM, A.G. Scientific) 1 h prior to infection to inhibit
phagocytosis and endosomal acidification, respectively. As indicat-
ed, the transcription inhibitor actinomycin D (2.5 pug/ml, Sigma, St.
Louis, Mo., USA) or the p38 inhibitor SB203580 (1 pg/ml, Cell Sig-
naling Technologies, Danvers, Mass., USA) was added at the ini-
tiation of infection. All drugs were retained in the media through-
out the course of the infection. At the time points assessed, none of
the chemicals significantly affected the viability of Francisella.

Bauler/Chase/Wehrly/Bosio


http://dx.doi.org/10.1159%2F000363243

Table 1. Tagman gene expression assays and assay ID numbers
used in this study

Gene ID number

IL—1|3 MmO00434228 ml
IL-6 MmO00446190_m1l
CXCL1 MmO04207460_m1
1L-18 MmO00434225 ml
CCL2 MmO00441242_m1l
CCL3 Mm00441259_g1
CCL4 MmO00443111_m1
CCL5 MmO01302427_m1l
CCL22 MmO00436439 _ml
IL-1a MmO00439620_m1l
IL-12b MmO00434174_m1l
TNF-a MmO00443258_ml
GAPDH Mm99999915_g1

Quantification of Cell Death and Cytokines

Cell death was measured using a Cytotox 96 nonradioactive
cytotoxicity kit according to the manufacturer’s instructions (Pro-
mega, Madison, Wisc., USA). Concentrations of interleukin (IL)-
1B, IL-6 and CXCL1 in culture supernatants were determined by
ELISA (R&D Systems, Minneapolis, Minn., USA).

Western Blotting and Quantitative Real-Time Polymerase

Chain Reaction

Attheindicated time points medium was removed from BMM.
Cells were lysed in 150 ul NuPAGE LDS Sample Buffer (Life Tech-
nologies) by vigorous pipetting and scraping of the cells. Cell ly-
sates were heated at 95°C and immediately placed on ice prior to
loading onto 4-12% SDS-NuPAGE gradient gels (Life Technolo-
gies). Western blots were generated from SDS-NuPAGE gels as
previously described [11]. Blots were probed with antibodies to
phospho-T180/Y182 p38, p38, phospho-T334 MK2 (27B7), MK2
and B-actin (13E5; all from Cell Signaling Technologies). RNA was
purified using RNeasy kits (Qiagen), cDNA generated using the
Superscript VILO kit (Life Technologies) and quantitative real-
time polymerase chain reaction (QRT-PCR) was run using primer/
probe sets (table 1; all from Life Technologies) and an ABI 7900HT
(Life Technologies). Input RNA was normalized to GAPDH, and
n-fold change of the indicated genes as compared to untreated,
uninfected controls was quantified as AACt. The mRNA half-life
(ty,) was calculated as -In2/m, where m is the slope of the line fit
on a semilogarithmic plot of mRNA concentration as a function of
time using least-squares regression as previously described [12].

Phagosomal Integrity Assay

To differentiate between vacuolar and cytosolic bacteria,
phagosomal integrity assays were performed, as previously de-
scribed [8]. Anti-F. tularensis lipopolysaccharide (US Biological,
Salem, Mass., USA) antibodies were conjugated with either Alexa
Fluor 546 or Alexa Fluor 488 using Zenon Alexa Fluor 546 mouse
IgG2a or Zenon Alexa Fluor 488 mouse IgG2alabeling kits accord-
ing to the manufacturer’s instructions (Invitrogen). Briefly, BMM
were treated with 50 pug/ml digitonin for 1 min to selectively per-
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meabilize the plasma membrane, and then stained with Alexa Flu-
or 546-conjugated anti-F. tularensis lipopolysaccharide to label cy-
toplasmic bacteria. Next, BMM were fixed with 3% PFA for 20 min
at 37°C and further permeabilized in 0.1% saponin/10% horse se-
rum in phosphate-buffered saline for 30 min. All intracellular bac-
teria were labeled using Alexa Fluor 488-conjugated anti-F. tular-
ensis lipopolysaccharide (US Biological). Cytoplasmic bacteria ex-
hibited 546/488 dual fluorescence whereas vacuole-bound bacteria
exhibited only 488 single fluorescence allowing differential enu-
meration of organisms. Detection and quantitation of cytoplasmic
versus vacuole-bound bacteria was accomplished by visualizing
infected cells using an Axio Imager epifluorescence microscope
(Zeiss).

Statistical Analysis

Statistical differences between 2 groups were determined using
a 2-tailed Student’s t test. For comparison between 3 or more
groups, analysis was done by 1-way ANOVA followed by Tukey’s
multiple comparisons test. Significance was determined at p < 0.05.

Results

SchuS4 Inhibits Production of IL-1p, IL-6 and CXCLI

in Previously Activated Cells by Reducing mRNA

Transcripts

Ftt SchuS4 both evades provoking an inflammatory re-
sponse upon infection and suppresses the ability of the
host cell to mount an inflammatory response after infec-
tion [5, 11]. However, the majority of this work was con-
ducted in resting cells. Given the dramatic ability of
SchuS4 to dampen inflammation, we postulated that
SchuS4 may also downmodulate inflammatory programs
in cells activated prior to infection. We chose to examine
IL-1p, IL-6, CXCLI and IL-18 as representative cyto-
kines/chemokines produced by macrophages that are im-
portant for host defense against bacterial infections [13].
Macrophages were primed with P3C prior to infection
resulting in increased phosphorylation of mitogen-acti-
vated protein kinase p38, increased expression of genes
encoding IL-1pB, IL-6 and CXCLI, and secretion of IL-6
and CXCL1 (online suppl. fig. 1; for all online suppl.
material, see www.karger.com/doi/10.1159/000363243).
Schu$4 infection of P3C-primed BMM did not induce
secretion of IL-1f, IL-6, CXCL1 or IL-18 that was signifi-
cantly greater than primed, uninfected cells, despite rep-
lication of the bacterium (fig. 1a, b). Rather, SchuS4 infec-
tion significantly decreased the amount of IL-6 and
CXCL1 present in culture supernatants compared to
primed, uninfected controls (fig. 1b). This demonstrated
that SchuS4 evades provoking an inflammatory response
and readily inhibits an established inflammatory pro-
gram in previously activated cells.
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Fig. 1. SchuS4 infection reduces IL-1p, IL-6
and CXCL1 RNA transcripts to inhibit cy-
tokine/chemokine production in previous-
ly activated BMM. BMM were primed with
P3C (500 ng/ml) and infected with SchuS4
MOI 50, F. novicida MOI 10 or coinfected
with both SchuS4 MOI 50 and F. novicida
MOI 10. Cells were infected with the indi-
cated MOI to ensure equivalent uptake of
F. novicida and SchuS4. Mock-infected
cells served as negative controls. a Intracel-
lular bacteria were enumerated at the indi-
cated times after infection. b Supernatants
were harvested 12 h after infection, and the
quantity of IL-1p, IL-6, CXCL1 and IL-18
was measured by ELISA. * p < 0.05; n.s. =
not significant when comparing the indi-
cated groups. ¢ Supernatants were harvest-
ed 12 h after infection, and lactate dehydro-
genase levels were quantified to calculate
the percentage of cell lysis. n.s. = Not sig-
nificant compared to the indicated sam-
ples. d RNA was harvested at the indicated
times after infection. QRT-PCR was per-
formed to examine the quantity of the in-
dicated transcripts, normalized to GAPDH.
* p <0.05, SchuS4 and F. novicida/SchuS4-
coinfected cells compared to mock and
F. novicida-infected cells. Each data point
depicts the mean of triplicate samples. Er-
ror bars represent SEM. Data are represen-
tative of 3 independent experiments.
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We next sought to test the ability of SchuS4 to modu-
late cytokine responses in host cells activated with a more
complex stimulus rather than only a single defined li-
gand. We utilized avirulent F. novicida to increase the
production of inflammatory cytokines among infected
cells. As expected, F. novicida infection of primed cells
resulted in secretion of significantly greater concentra-
tions of IL-1p, IL-6, CXCL1 and IL-18 compared to cul-
tures of uninfected and SchuS4-infected cells (fig. 1a, b).
BMM coinfected with SchuS4 and F. novicida secreted
similar amounts of IL-18 compared to cells infected with
F. novicida alone (fig. 1b). However, BMM coinfected
with SchuS4 and F. novicida did secrete significantly less
IL-1pB, IL-6 and CXCL1 than cells infected with F. novi-
cida alone (fig. 1b). The dampened release of IL-1p, IL-6
and CXCL1 observed in SchuS4-F. novicida-coinfected
cells could not be attributed to reduced viability of mac-
rophages since cell death in SchuS4-F. novicida-coinfect-
ed cultures was similar to that of cells infected with
F. novicida only (fig. 1c). We next determined if the re-
duced secretion of IL-1f, IL-6 and CXCL1 was correlated
with a reduction in mRNA transcripts encoding these
proteins. All cultures infected with SchuS4 had signifi-
cantly less IL-1B, IL-6 and CXCL1 mRNA transcripts
compared to uninfected cells or macrophages infected
with F. novicida alone (fig. 1d). In contrast, and in agree-
ment with similar concentrations of IL-18 detected in cul-
ture supernatants of F. novicida and SchuS4-F. novicida-
coinfected cells, the amount of IL-18 mRNA was unaf-
fected by SchuS4 infection at each time point tested
(fig. 1d). Thus, inhibition of IL-1f, IL-6 and CXCL1
among SchuS4-infected cells was correlated with de-
creased numbers of mRNA transcripts encoding these
proteins. These data also indicated that the impact of
SchuS4 infection was selective for specific genes rather
than a global reduction of mRNA transcripts among in-
fected cultures. We next tested the ability of other closely
related subspecies and strains of Francisella to reduce lev-
els of mRNA among BMM. Similar to SchuS4-infected
cells, virulent F. tularensis ssp. holarctica strain FSC200
reduced the number of detectable mRNA transcripts and
did not induce secretion of IL-1f, IL-6 or CXCL1 above
that detected in uninfected cells (fig. 2a, b). In contrast,
similar to cells infected with F. novicida, BMM infected
with attenuated LVS increased mRNA transcripts com-
pared to uninfected and SchuS4- or FSC200-infected cells
(fig. 2a). LVS and F. novicida also triggered secretion of
significantly more IL-1p, IL-6 and CXCL1 compared to
uninfected and SchuS4- or FSC200-infected cells (fig. 2b).
Therefore, reduction of mRNA transcripts encoding spe-
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cific proinflammatory cytokines and chemokines is a fea-
ture of infection with virulent, but not avirulent or at-
tenuated, strains of Francisella.

Reduction of IL-1f3, IL-6 and CXCL1 mRNA by
SchuS4 Requires Phagosomal Escape, but Not
Bacterial Protein Synthesis or Viability

We next identified the cellular location from which
Schu$4 affected numbers of mRNA transcripts. Upon
Francisella engagement of receptors at the plasma mem-
brane, the bacterium is phagocytosed into an endosome
and then approximately 1 h after infection escapes into
the cytoplasm, where it replicates exponentially [14, 15].
SchuS4 could be initiating the observed decrease in IL-1p,
IL-6 and CXCL1 mRNA upon contact with the cell sur-
face, while transiting the endosome, or after escape into
the cytosol. Thus, using a combination of chemical in-
hibitors, BMM with specific mutations in surface recep-
tors, mutagenized SchuS4 and two different techniques to
kill the bacterium, we empirically determined the re-
quirements for SchuS4 to inhibit production of IL-1,
IL-6 and CXCLI.

To determine if SchuS4 interaction with the cell mem-
brane was sufficient to reduce mRNA transcripts, the ac-
tin-depolymerizing agent cytochalasin D was used to in-
hibit bacterial phagocytosis. As expected, SchuS4 infec-
tion of cytochalasin D-treated BMM decreased bacterial
uptake by >97% compared to untreated cells (data not
shown). Cytochalasin D-treated cells infected with
Schu$4 did not reduce IL-1p, IL-6 or CXCL1 transcripts
(fig. 3a). Therefore, phagocytosis of the bacterium was
necessary to decrease these mRNA.

Previous studies have shown that interaction with the
surface receptor TLR2 was required for immunosuppres-
sive mechanisms of SchuS4 [16, 17]. To determine if liga-
tion of TLR2 was required for modulation of secretion of
IL-1pB, IL-6 and CXCL1 by SchuS4, we compared the abil-
ity of SchuS4 to affect production of these cytokines
among WT and TLR2™/~ BMM. The absence of TLR2 had
no effect on the ability of SchuS4 to either evade induc-
tion or dampen secretion of IL-1P, IL-6 and CXCL1
among infected BMM (fig. 3b).

We next determined if reduction of IL-1p, IL-6 and
CXCLI1 transcripts required escape of SchuS4 from the
endosome via 2 methods. First, cells were treated with
bafilomycin A1, which inhibits SchuS4 escape from the
endosome (fig. 3¢) [8]. SchuS4 infection of bafilomycin-
treated cells did not decrease the number of IL-1f, IL-6
or CXCL1 mRNA transcripts beyond that observed in
treated, uninfected cells (fig. 3a). However, bafilomycin
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Fig. 2. Reduction of IL-1B, IL-6 and CXCL1 mRNA correlates with
virulence of Francisella. BMM were primed with P3C (500 ng/ml)
and infected with SchuS4 MOI 50, FSC200 MOI 50, LVS MOI 25
or F. novicida MOI 10. Cells were infected with the indicated MOI
to ensure equivalent uptake. a RNA was harvested 5 h after infec-
tion. qRT-PCR was performed to examine the quantity of the in-
dicated transcripts, normalized to GAPDH. b Supernatants were

treatment alone resulted in reduction of mRNA tran-
scripts independent of infection (fig. 3a), suggesting that
bafilomycin had an off target effect on the ability of host
to increase transcription of host mRNA. Thus, we utilized
another method to confirm our finding that phagosomal
escape of SchuS4 was required for the reduction of host
mRNA. Next, we used a targeted deletion mutant of
SchuS4 which is defective for phagosomal escape, SchuS4
AfevR (fig. 3¢) [18]. SchuS4 AfevR does not exhibit de-
fects in growth in axenic medium and is phagocytosed by
primary cells with similar efficiency as WT SchuS4. How-
ever, these mutants fail to escape the phagolysosome fol-
lowing engulfment by macrophages [18]. Infection of
BMM with SchuS4 AfevR did not result in the reduction
of IL-1p, IL-6 or CXCL1 transcripts (fig. 3a). Although it
was possible that fevR is important for the expression of
bacterial proteins that may contribute to reduction of
host mRNA transcripts, taken together with data from
cells treated with bafilomycin, these results suggest that
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harvested 12 h after infection, and the indicated cytokines were
quantified by ELISA. * p < 0.05: significantly reduced compared to
the mock-infected cells; ** p < 0.05: significantly greater than un-
infected or SchuS4- or FSC200-infected cells; n.s. = not significant
compared to the indicated samples. Each data point depicts the
mean of triplicate samples. Error bars represent SEM. Data are
representative of 2 independent experiments.

reduction of IL-1p, IL-6 and CXCL1 mRNA was depen-
dent on SchuS4 escape into the cytosol.

We then assessed whether de novo bacterial protein
synthesis was required to decrease IL-1B, IL-6 and CXCL1
mRNA transcripts following SchuS4 infection. Chloram-
phenicol was used to inhibit SchuS4 protein synthesis.
Chloramphenicol-treated SchuS4 escaped the endosome
with similar kinetics as untreated bacteria but were un-
able to replicate, demonstrating the effectiveness of the
antibiotic treatment (fig. 3d and data not shown). There
were no significant differences in the reduction of tran-
scripts encoding IL-1p, IL-6 and CXCL1 among cells in-
fected with chloramphenicol-treated SchuS4 versus un-
treated SchuS4 (fig. 3e). Thus, de novo protein synthesis
was not required for SchuS4 to decrease these mRNA.

To determine if SchuS4 viability was required to re-
duce IL-1f, IL-6 and CXCLI transcripts, we compared
mRNA levels among cells infected with live SchuS4 ver-
sus cells exposed to Schu$S4 killed with either PFA or ir-
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Fig. 3. Phagosomal escape, but not bacterial protein synthesis or
viability, is required for SchuS4-mediated reduction of IL-1p, IL-6
and CXCL1 mRNA. a-¢ BMM were primed with P3C (500 ng/ml)
and treated with cytochalasin D (CytoD) to inhibit bacterial phago-
cytosis or bafilomycin (Bafilo) to inhibit bacterial escape from en-
dosomes prior to infection, where indicated. BMM were infected
with SchuS4 MOI 50 or SchuS4 AfevR MOI 50. Mock-infected cells
served as negative controls. a RNA was harvested 5 h after infec-
tion. qRT-PCR was performed to examine the quantity of the in-
dicated transcripts, normalized to GAPDH. * p < 0.05 compared
to the indicated samples; n.s. = not significant compared to the
indicated samples. b WT or TLR27/- BMM were primed with mo-
nophosphoryl lipid A (25 ng/ml) and infected with SchuS4 MOI
50, F. novicida MOI 10 or coinfected with both SchuS4 MOI 50 and
F. novicida MOI 10. Secretion of IL-1B, IL-6 and CXCL1 was as-
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sessed by ELISA. * p < 0.05: F. novicida-infected compared to
F. novicida/SchuS4-coinfected cells. ¢ Cytoplasmic bacteria were
quantified 5 h after infection using a phagosomal-integrity assay.
* p <0.05 compared to WT SchuS4 infection of untreated cells. d,
e BMM were primed with P3C (500 ng/ml) and infected with MOI
50 of SchuS4, SchuS4 pretreated with chloramphenicol (Chloramp)
to inhibit bacterial protein synthesis, or inoculated with SchuS4
killed by treatment with PFA or irradiation (Irradiate). d Cytoplas-
mic bacteria were quantified 5 h after infection using a phagosom-
al-integrity assay. * p < 0.05 compared to untreated SchuS4. e RNA
was harvested 5 h after infection. qRT-PCR was performed to ex-
amine the quantity of the indicated transcripts, normalized to
GAPDH. * p < 0.05 compared to uninfected cells. Each data point
depicts the mean of triplicate samples. Error bars represent SEM.
Data are representative of 3 independent experiments.
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radiation. Unlike live SchuS4, PFA-killed SchuS4 were
not able to significantly decrease mRNA transcripts of
IL-1pB, IL-6 or CXCL1 compared to uninfected controls
(fig. 3e). However, PFA-killed SchuS4 were retained in
the endosome (fig. 3d). As described above, escape from
the phagosome appeared to be essential for the reduction
of mRNA transcripts by Schu$S4 (fig. 3a). Thus, it was not
clear if the effect on mRNA transcripts observed among
cells treated with PFA-killed SchuS4 was due to the ab-
sence of viable SchuS4, or their retention in the endo-
some. To resolve this issue, we utilized irradiated SchuS4.
Despite their inability to replicate, irradiated SchuS4 es-
cape the endosome, which allowed us to assess the re-
quirement for bacterial viability independently of escape
into the cytosol (fig. 3d). Irradiated SchuS4 reduced IL-
1B, IL-6 and CXCL1 mRNA equivalently to live SchuS4
(fig. 3e). Thus, the ability of SchuS4 to decrease IL-1,
IL-6 and CXCLI transcripts was not dependent on the vi-
ability of the organism.

SchuS4 Infection Decreases IL-1f3, IL-6 and CXCLI

mRNA Concomitantly with p38 Dephosphorylation

The mitogen-activated protein kinases, and specifical-
ly p38, play a central role in the production of many pro-
inflammatory cytokines/chemokines following bacterial
infection, including IL-1pB, IL-6 and CXCLI. Therefore,
we determined if SchuS4 infection impacted the activa-
tion of p38. We observed a notable dephosphorylation of
p38 as early as 1 h after infection in SchuS4 and SchuS4-F.
novicida-coinfected cells, compared to both uninfected
and F. novicida-infected cells (fig. 4a). We next confirmed
that dephosphorylation of p38 was a consistent pheno-
type among BMM infected or exposed to preparations of
SchuS4 that were associated with reduction of mRNA.
Consistently with their ability to reduce IL-1p, IL-6 and
CXCL1 mRNA, infection or exposure of BMM with
Schu$4 treated with chloramphenicol or inactivated by
irradiation both resulted in dephosphorylation of p38 in
BMM (fig. 4b). Further, neither SchuS4 AfevR nor PFA-
inactivated SchuS4 reduced phosphorylation of p38 com-
pared to mock controls (fig. 4b). The lack of impact on
phosphorylation of p38 by these bacteria is consistent
with their inability to reduce host mRNA. Thus, dephos-
phorylation of p38 in BMM correlates with conditions in
which SchuS4 was able to reduce host mRNA transcripts.
To determine whether inactivation of the p38 pathway
was sufficient to reduce IL-1p, IL-6 and CXCL1 transcript
levels and secretion in the absence of infection, we inhib-
ited p38 activity with SB203580. BMM treated with
SB203580 exhibited decreased levels of mRNA transcripts
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and secretion of these proteins compared to uninfected
cells (fig. 4c, d). Similarly, F. novicida-infected, SB203580-
treated BMM had significantly fewer IL-1f, IL-6 and
CXCL1 mRNA transcripts and reduced protein detected
in the culture supernatant compared to mock-treated
F. novicida-infected controls (fig. 4c, d). Together these
data demonstrate that SchuS4 inactivates p38 upon infec-
tion, and that decreased activation of p38 is sufficient to
reduce IL-1f, IL-6 and CXCL1 mRNA and secretion.

SchuS4 Infection Destabilizes mRNA Containing

Adenylate-Uridylate-Rich Elements

Both transcription and mRNA stability are known to
be regulated by p38 [19, 20]. Thus, the reduction in
mRNA encoding IL-1p, IL-6 and CXCL1 following
SchuS4 infection could result either from a decreased rate
of new transcription or an increased rate of mRNA decay.
To differentiate between these two possibilities, actino-
mycin D was used to inhibit transcription. Actinomycin
D is routinely used to determine if different stimuli are
affecting mRNA levels during transcription or as a post-
transcriptional event [21]. If the ability of SchuS4 to re-
duce mRNA transcripts in the presence of actinomycin D
were lost, it would suggest that SchuS4 was acting to re-
duce mRNA by inhibiting new transcription. Conversely,
if treatment with actinomycin D had no effect on the abil-
ity of SchuS4 to reduce the number of mRNA transcripts
this would demonstrate that SchuS4 was reducing copies
of mRNA via acceleration of mRNA decay. SchuS4 infec-
tion of actinomycin D-treated BMM resulted in a similar
magnitude of reduction of IL-1p, IL-6 and CXCL1 tran-
scripts compared to untreated, SchuS4-infected cells
(fig. 5a). Accordingly, the half-life of these transcripts in
SchuS4-infected, actinomycin D-treated cells was signifi-
cantly decreased compared to uninfected actinomycin D
cells (fig. 5a). These data support that SchuS4-mediated
reduction of IL-1p, IL-6 and CXCL1 mRNA occurs via
decreased mRNA stability. To further confirm that
Schu$4 is inducing mRNA destabilization, we examined
the activation of MK2, which is directly phosphorylated
by p38 and phosphorylates mRNA binding proteins to
indirectly regulate mRNA stability [22]. Similar to the ki-
netics of p38 inactivation following SchuS4 infection, de-
phosphorylation of MK2 was observed as early as 1 h after
infection (fig. 5b). Thus, SchuS4-mediated inactivation of
the p38-MK2 pathway upon infection results in the desta-
bilization of IL-1f, IL-6, and CXCL1 mRNA.

The stability of mRNA that encode tightly regulated
proteins, such as many cytokines and chemokines, is con-
trolled by the interaction of a variety of mRNA binding

Bauler/Chase/Wehrly/Bosio


http://dx.doi.org/10.1159%2F000363243

3 <
(%)
Th 2h 5h . Z S
1)
c c c 2 VY s &
3 g 3 2 3 2 3 2% 3
3 S 8 3 € 8. 3¢ & s 3 5 & &
¥ 5 3 E ¥ 3 3 £ ¥ 35 3 E ¥ 49 %5 5 v 3
5 £ ¢ = o6 £ ¢ = o £ <& = S o 3
] o ] o ] ) 6o £ £ £ <« S
S 6 0w 0O =2 » ow U= & w U S 8 & U a £
P-p38 ws -_— - -— — -~ - - s == P-p38
p3s TN S S - - - - - S e e e 038
B-ACtin e s S S S e - N S - < e e —— — B-Actin
a
IL-1B IL-6
* *
* * * *
14 1 — 1 4 !*—\ [
g 1 1
£ 04 0
(] 4 4
[@)]
& -1- -1
< X
] (97
2 -2 %7 -2
= ]
-3 R -3
C
IL-1B IL-6 CXCL1
* *
1
* !—\* * O Mock
g oo | L 4007 * 2,000 7 — I Schus4
é 300 - 15004 M p38 |n.h‘|b|tor
= * M F. novicida
S — . )
2 200 | 1,000 | B Coinfection
g F. novicida +
§ 100 A 500 p38 inhibitor
5
e B -
d

Fig. 4. Dephosphorylation of p38 by SchuS4 infection. BMM were
primed with P3C (500 ng/ml) and infected with SchuS4 MOI 50,
chloramphenicol (Chloramp)-treated SchuS4 MOI 50, SchuS4
AfevR MOI 50, F. novicida MOI 10, or coinfected with both SchuS4
MOI 50 and F. novicida MOI 10. As indicated, BMM were exposed
to SchuS4 inactivated with either PFA or irradiation. Where spec-
ified, cells were treated with the p38 inhibitor SB203580 at the on-
set of infection. Mock-infected cells served as negative controls. a,
b Cell lysates were generated at the indicated times after infection

proteins with mRNA sequence elements. The best-char-
acterized of these are adenylate-uridylate-rich elements
(ARE), found in the 3'-untranslated region of many in-
herently unstable transcripts. ARE consist of one or more
AUUUA pentamers which interact with a variety of host
proteins which regulate the stability of host mRNA [23].
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(a) or 5 h after infection or exposure to SchuS4 (b). Western blots
were probed with antibodies to phosphorylated p38 (P-p38) and
p38 and actin as loading controls. ¢ RNA was harvested from cells
5 h after infection. QRT-PCR was performed to examine the indi-
cated transcripts. d Supernatants were harvested 12 h after infec-
tion and the quantity of IL-1f, IL-6 and CXCL1 was measured by
ELISA. * p < 0.05 comparing the indicated samples. Each data
point depicts the mean of triplicate samples. Error bars represent
SEM. Data are representative of 3 independent experiments.

IL-1B, IL-6 and CXCL1 mRNA contain ARE, whereas IL-
18 transcripts, which were not reduced after SchuS4 in-
fection, do not. This suggested that mRNA containing
ARE were targeted for degradation during SchuS4 infec-
tion [24]. To confirm that SchuS4 infection was inducing
selective destabilization of ARE-containing transcripts,
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we assessed a variety of mRNA transcripts encoding che-
mokines and cytokines produced by macrophages fol-
lowing the encounter with microorganisms. CCL2, CCL3,
CCL4, IL-1a, IL-12b and tumor necrosis factor a mRNA,
which contain ARE, were all reduced 5 h after SchuS4 in-
fection (fig. 5¢). In contrast, CCL5 and CCL22 transcripts,
which do not have ARE, remain unchanged upon SchuS4
infection (fig. 5¢). Thus, SchuS4 infection resulted in se-
lective destabilization of ARE-containing mRNA to limit
production of key proinflammatory cytokines and che-
mokines.

There are many proteins that control the stabilization
or decay of host mRNA via interaction with the 3'-ARE.
The best-studied of these is TTP. Phosphorylation of TTP
is dependent on p38. Phosphorylated TTP does not inter-
act with host mRNA. Upon dephosphorylation, TTP in-
teracts with AU-rich sequences in the 3'-region of host
mRNA facilitating degradation of the sequence [25]. Giv-
enthe observed dephosphorylation of p38 among SchuS4-
infected cells and the selective targeting of ARE-contain-
ing mRNA for decay, we hypothesized that SchuS4 may
be facilitating TTP activity to degrade host mRNA. How-
ever, we did not observe reconstitution of host mRNA
stabilization among SchuS4-infected TTP-deficient mac-
rophages (fig. 5d). This suggests that alternative, p38-de-
pendent, mechanisms controlling host mRNA stabiliza-
tion or degradation are targeted by SchuS4 in primary
macrophages.

Discussion

It has been well established that SchuS4 both evades
and suppresses inflammatory responses among resting
resident host cells [5, 6, 11]. Here, we found that SchuS4

Fig. 5. Destabilization of ARE-containing mRNA following
Schu$4 infection. a BMM were primed with P3C (500 ng/ml) and
infected with SchuS4 MOI 50 and treated with actinomycin D
(ActD) at the onset of infection to inhibit transcription. RNA was
harvested from cells at the indicated times after infection, and
qRT-PCR was performed to quantify the indicated mRNA tran-
scripts. The mRNA half-life (t,,) in uninfected and SchuS4-in-
fected actinomcyin D-treated samples is indicated. * p < 0.05
comparing the indicated sample to both uninfected and only ac-
tinomycin D-treated cells. b, ¢ BMM were primed with P3C (500
ng/ml) and infected with SchuS4 MOI 50, F. novicida MOI 10 or
coinfected with both SchuS4 MOI 50 and F. novicida MOI 10.
b Cell lysates were generated at the indicated times after infection.
Western blots were probed with antibodies to phosphorylated
MK2 (P-MK2), and MK2 and actin as loading controls. Mock-
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similarly inhibited proinflammatory responses among
cells activated prior to challenge, as measured by secre-
tion of key cytokines and chemokines. Further, we identi-
fied that a major mechanism by which SchuS4 rapidly
inhibited production of these host products was to induce
decay of ARE-containing mRNA transcripts.

We first established that ligation of surface receptors
and/or phagocytosis of the bacterium was not sufficient
for SchuS4 to execute suppression of host responses.
Rather, we determined that mRNA decay relied on escape
of Schu$S4 into the cytosol. Our finding that interaction
with surface receptors and uptake of the organisms alone
were not adequate for SchuS4-mediated degradation of
host mRNA was initially surprising. Previous studies
showed that engagement of surface receptors, e.g. TLR2
[16] and CR3 [17], was required for some of the immu-
nosuppressive mechanisms of SchuS4. The involvement
of CR3 in mediating inhibition of inflammatory respons-
es was dependent on opsonization of bacteria with serum
prior to infection. We did not utilize opsonized bacteria
in our study. Thus, it is unlikely that CR3 had a role in the
degradation of mRNA. To confirm TLR2 was not re-
quired for modulation of IL-1p, IL-6 or CXCL1, we veri-
fied that SchuS4 was still capable of inhibiting secretion
of these cytokines following coinfection with avirulent
F. novicida among TLR27~ cells (fig. 3c). Thus, to our
knowledge, this data represents the firstimmunosuppres-
sive mechanism induced by SchuS4 that dissociates Fran-
cisella-mediated inhibition of inflammatory responses
from TLR signaling pathways.

We also determined that neither de novo bacterial pro-
tein synthesis nor viability was required for mRNA desta-
bilization following infection, but that escape into the host
cytosol was necessary to induce decay of host mRNA.
Francisella escape from the endosome requires the Fran-

infected cells served as negative controls. ¢ RNA was harvested
from cells 5 h after infection, and qRT-PCR was performed to
quantify the indicated mRNA transcripts. Mock-infected cells
served as negative controls. TNF = Tumor necrosis factor; UTR =
untranslated region. * p < 0.05 comparing the indicated sample to
both uninfected and only F. novicida-infected cells. n.s. = Not sig-
nificantly different. d WT controls and TTP~~ BMM were primed
with P3C (500 ng/ml) and infected with SchuS4 MO, F. novicida
MOI 10 or coinfected with both SchuS4 MOI 50 and F. novicida
MOI 10. RNA was harvested 5 h after infection. qRT-PCR was
performed to examine the quantity of the indicated transcripts,
normalized to GAPDH. * p < 0.05 comparing the indicated
groups. Each data point depicts the mean of triplicate samples.
Error bars represent SEM. Data are representative of 3 indepen-
dent experiments.
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cisella Pathogenicity Island, therefore it appears likely that
the Francisella Pathogenicity Island and putative type VI
secretion system of Francisella remain functional in the
absence of new protein synthesis and in the majority of ir-
radiated bacteria [26]. Together these data suggest that
molecules required by the bacteria for both endosomal es-
cape and suppression of proinflammatory responses via
mRNA decay are preformed in SchuS4. Interestingly, bac-
teria killed using PFA did not escape the endosome and as
a result also failed to accelerate host mRNA decay. Inacti-
vation of bacteria with PFA or irradiation does not induce
significant lysis of bacteria [27, 28]. However, PFA renders
the bacteria completely inactive whereas y-irradiation can
prevent bacterial replication while leaving bacterial me-
tabolism intact [29]. Thus, it is possible that although nei-
ther PFA-killed or irradiated bacteria were able to repli-
cate, irradiated bacteria may have retained an active me-
tabolism allowing for a functional type IV secretion system
and escape from the endosome. Regardless of the mecha-
nism of endosomal escape, our data show that the imme-
diate availability of bacterial products capable of inhibit-
ing inflammatory responses is consistent with the rapid
ability of SchuS4 to modulate host responses. Identifica-
tion of the bacterial component(s) required for mRNA de-
cay is currently under investigation by our laboratory.

There are a number of means by which stability of host
mRNA is controlled in the cell. The most commonly
studied of these is the interaction of stabilizing/destabiliz-
ing proteins with ARE present in the 3'-untranslated re-
gion of host mRNA transcripts. There are several excel-
lent reviews discussing the biology of ARE and their role
in stabilization of host mRNA [23, 30, 31]. Briefly, ARE
are pentamers of AUUUA. They are highly variable in
their abundance and sequence and are divided into spe-
cific classes based on the number of ARE pentamers pres-
ent in the 3'-untranslated region. ARE are not present in
every mRNA and, thus, represent a mechanism by which
the host can selectively control posttranscriptional pro-
duction of potent cytokines and chemokines. Stabiliza-
tion of host mRNA that contain ARE occurs through di-
rect and/or indirect interaction of stabilizing or destabi-
lizing proteins present in the host cell. Phosphorylation
of these host proteins by kinases, e.g. by p38, dictates their
activity. Modulation of ARE-interacting proteins has
been noted as a mechanism by which viruses influence
inflammatory responses in host cells [32, 33].

However, destabilization of cytokine mRNA during
infection with intact bacteria has not been described.
Rather, there is a precedent in the literature for increasing
mRNA stability by bacteria and/or bacterial components

804 J Innate Immun 2014;6:793-805

DOI: 10.1159/000363243

as a mechanism to sustain inflammatory responses. For
example, avirulent F. novicida elicits a strong proinflam-
matory response following infection of host cells and it
has been proposed that F. novicida inactivates TTP as a
mechanism to enhance proinflammatory responses [34-
36]. Specifically, an F. novicida AlpcC mutant provokes
an even greater inflammatory response compared to WT
F. novicida. This elevated inflammatory response corre-
sponded with increased deactivation of TTP compared to
cells infected with WT F. novicida. In contrast to infec-
tions mediated by F. novicida, we show that SchuS4 sup-
pressed inflammatory responses by enhanced decay of
host ARE-containing mRNA. Thus, it was possible that,
as opposed to F. novicida, SchuS4 may further activate
TTP to destabilize host mRNA. However, we did not ob-
serve a difference in the ability of SchuS4 to reduce ARE-
containing mRNA among TTP-deficient BMM com-
pared to littermate control BMM (fig. 5d). This suggested
that SchuS4 infection may alter the activity of other ARE
binding proteins known to interact with MK2, e.g. poly-A
binding protein, HuR and BAF1, which regulate the sta-
bility of mRNA [37-39]. We are currently examining the
ability of SchuS4 to modulate function of multiple ARE
binding proteins following infection.

In this report, we describe a novel mechanism used by
ahighlyvirulent pathogen to rapidly and effectively damp-
en components of the host inflammatory response via de-
stabilization of cellular ARE-containing mRNA. Impor-
tantly, this mechanism did not require synthesis of bacte-
rial components following infection. Rather, effective
induction of mRNA decay was initiated with only the pro-
teins, lipids and carbohydrates present in the bacterium at
the outset of infection. Our data represent an important
advance in understanding the pathogenesis of disease fol-
lowing infection with Ftt. Destabilization of host cell
mRNA may also represent a common mechanism of viru-
lence employed by other similarly pathogenic bacteria.
Continued characterization of virulence mechanisms re-
stricted to highly virulent pathogens such as Ftt will likely
be a fruitful approach to understanding the failure of the
immune system to properly mount a protective response
to these and other intracellular pathogens.
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