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Abstract

The role of IL-1 and IL-18 during lung infection with the gram-negative bacterium Franci-
sella tularensis LVS has not been characterized in detail. Here, using a mouse model of
pneumonic tularemia, we show that both cytokines are protective, but through different
mechanisms. /l-18”~ mice quickly succumb to the infection and showed higher bacterial bur-
denin organs and lower level of IFNy in BALF and serum compared to wild type C57BL/6J
mice. Administration of IFNy rescued the survival of //-18”~ mice, suggesting that their de-
creased resistance to tularemia is due to inability to produce IFNy. In contrast, mice lacking
IL-1 receptor or IL-18, but not IL-1a, appeared to control the infection in its early stages, but
eventually succumbed. IFNy administration had no effect on //-7r1” mice survival. Rather,
II-1r1”~ mice were found to have significantly reduced titer of Ft LPS-specific IgM. The anti-
Ft LPS IgM was generated in a IL-13-, TLR2-, and ASC-dependent fashion, promoted bac-
teria agglutination and phagocytosis, and was protective in passive immunization experi-
ments. B1a B cells produced the anti-Ft LPS IgM and these cells were significantly
decreased in the spleen and peritoneal cavity of infected //-1b™ mice, compared to C57BL/
6J mice. Collectively, our results show that IL-1p and IL-18 activate non-redundant protec-
tive responses against tularemia and identify an essential role for IL-1p in the rapid genera-
tion of pathogen-specific IgM by B1a B cells.

Author Summary

Francisella tularensis is a Gram-negative bacterium that infects macrophages and other
cell types causing tularemia. F. tularensis is considered a potential bioterrorism agent and
is a prime model intracellular bacterium to study the interaction of pathogens with the
host immune system. The role of the proinflammatory cytokines IL-1p and IL-18 during
lung infection with F. tularensis has not been characterized in detail. Here, using a mouse
model of pneumonic tularemia, we show that both cytokines are protective, but through
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different mechanisms. Mice deficient in IL-18 quickly succumbed to the infection but ad-
ministration of IFNYy rescued their survival. In contrast, mice lacking IL-1p appeared to
control the infection in its early stages, but eventually succumbed and were not rescued by
administration of IFNY. Rather, IL-1B-deficient mice had significantly reduced serum level
of IgM antibodies specific for F. tularensis LPS. These antibodies were generated in a IL-
18-, TLR2-, and ASC-dependent fashion, promoted bacteria agglutination and phagocyto-
sis, and were protective in passive immunization experiments. Bla B cells produced the
anti-F. tularensis IgM and were significantly decreased in the spleen and peritoneal cavity
of infected IL-1B-deficient mice. Collectively, our results show that IL-1B and IL-18 acti-
vate non-redundant protective responses against tularemia and identify an essential role
for IL-1P in the rapid generation of pathogen-specific IgM by Bla B cells.

Introduction

Francisella tularensis (Ft) is a Gram-negative bacterium that infects macrophages and other
cell types causing tularemia [1]. Ft is considered a potential bioterrorism agent and is used as a
prime model intracellular bacterium to study the strategies adopted by microbes to evade and
minimize innate immune detection.

Although the innate immune response to Ft infection has been examined in a great number
of publications (reviewed in [2] [3]), much remains to be learned. Ff is known to evade various
host defense mechanisms [4] and to produce an atypical LPS that does not stimulate TLR4 and
does not possess proinflammatory activity [5] [6] [7,8] [9]. However, like others, we have
shown that Ft stimulates a proinflammatory response primarily through TLR2 [10] [11] [12],
which recognizes Ft lipoproteins [13]. The other innate immune pathway preferentially stimu-
lated by Ft in mice is the inflammasome composed of AIM2-ASC-caspase-1 [14]. It is believed
that genomic DNA released by lysing bacteria localized in the cytosol activates this inflamma-
some, leading to secretion of IL-1f and IL-18 and death of the infected cells by pyroptosis. This
form of caspase-1-dependent cell death has been shown to effectively restrict intracellular repli-
cation of several bacteria, including Ft, by exposing them to extracellular microbicidal mecha-
nisms [15]. Activation of the NLRP3 inflammasome in human macrophages has also been
reported [16]. Whether this inflammasome is also activated in mice is unclear.

IL-1p and IL-18 are powerful proinflammatory cytokines that have been shown to be pro-
tective in a large number of experimental infection models. Both cytokines signal through the
MyD88 pathway but elicit varied responses in different cell types [17]. Despite intensive re-
search on Ft, the role of IL-1f and IL-18 during lung infection with this bacterium has not
been characterized in detail. A confounding factor that affects the tularemia research field is
that the majority of the studies are performed using either of two Francisella subspecies, F.
novicida or Ft live vaccine strain (LVS), which are pathogenic in mice, but not humans, and
differentially engage innate immune responses [1] [18]. An additional strain, the virulent Ft
type A SchuS4 strain, displays an exaggerated virulence in mice, which has severely limited its
use for the genetic analysis of the host immune response to this infection. A further complica-
tion in the analysis, comparison, and interpretation of the studies on tularemia, is that different
routes of infection (i.p., 1.d., i.n.) are used, which determine the severity of disease, and the rela-
tive contribution to protection of various immune pathways [19] [20]. For our studies we de-
cided to use LVS because of its potential use as prophylactic vaccine and we adopted the
intranasal infection route because it is the most lethal and the most relevant to biodefense.
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Early evidence that IL-1f and IL-18 played protective roles during infection with Francisella
species was provided by studies of Denise Monack’s group that showed that intraperitoneal in-
jection of neutralizing antibodies against IL-18 and IL-1f increased bacterial burdens in mice
infected intradermaly with F. novicida [21]. The same group showed that mice deficient in
both IL-1p /IL-18 are more susceptible than C57BL/6] mice, yet not as much as mice deficient
in ASC or caspase-1, suggesting that other caspase-1-dependent pathways, most likely pyropto-
sis, significantly contributed to protection from infection [14]. Collazo et al. analyzed II-1r1”"
and II-18"" mice infected intradermally with Ft LVS, but did not find significant differences in
the survival of these mice, compared to C57BL/6] mice [22]. Collectively, these studies indicat-
ed that IL-1p and IL-18 may contribute to protection from tularemia but it remains unclear to
what extent, through which mechanism, and under which conditions. Despite the uncertainties
about the role of IL-1f and IL-18 during Ft infection, several groups, including ours, have
shown that Ft mutants that hyper-activate the inflammasome leading to increased IL-1f and
IL-18 secretion are attenuated in vivo [23] [24] [25] [26,27], suggesting that these cytokines in
fact play a protective role in tularemia.

The studies described here analyzed for the first time the response of IL-1- or IL-18-defi-
cient mice to intranasal infection with Ft LVS. Our results demonstrate that different protective
mechanisms are activated by IL-18 and IL-1p and reveal a critical role for IL-1f in the produc-
tion of anti-Ft LPS IgM by Bla B cells.

Results
Different susceptibility of //-1r17~ and I-18" mice to Ft LVS lung infection

To increase our understanding of the role of IL-1 and IL-18 during lung infection with Ft LVS,
we intranasally infected mice deficient in the IL-1 receptor, II-1r1”", or mice deficient in IL-18
and measured their survival. As shown in Fig. 1A, both mouse strains were significantly more
susceptible than the wild type C57BL/6] mice. Mice deficient in both IL-1 receptor and IL-18
(DKO) were also more susceptible. Interestingly, the mean time to death of I-18”~ mice was
much shorter than that of I-1r1”" mice, an observation that may suggest either that IL-18
plays a more critical role than IL-1 in this model of infection, or that each cytokine may be re-
quired at a different time point during infection (see below). While the bacterial burden in or-
gans 72 hours post infection were not consistently increased in the knock-out mouse strains
compared to C57BL/6] mice, 6 days p.i. II-18”~ mice had significantly higher burdens than II-
1r1”" mice (Fig. 1B) confirming the relative contribution of each cytokine. Compared to other
gram-negative bacterial infection models, infection and innate immune response occur with
relatively slower kinetics during tularemia and this may explain why the differences in bacterial
burdens become more evident at later time points.

Role of IL-18 during lung infection with Ft LVS

IL-1B and IL-18 levels were measured in the bronchoalveolar lavage fluid (BALF) or serum ob-
tained from infected mice 72 hours or 6 days post-infection (Fig. 2A, B). IL-18 was not detect-
able in the sera of infected mice, but it was detected in higher amount at 72 hours than at 6
days p.i. in the BALF of C57BL/6] mice, a pattern that paralleled the reduction in bacterial bur-
dens (see Fig. 1B). Production of IL-1B was drastically increased in II-1r1"" and II-18”" mice.
Both IL-1 and IL-18 are known to induce II-1b mRNA [28], which may explain why IL-1 level
in BALF of DKO mice was severely reduced, compared to the other strains, despite high bacte-
rial burden. IL-18 was detected in higher amounts in BALF, at 72 h, or in sera, at 6 days, in II-
1r1”" mice, compared to C57BL/6] mice. The levels IFNY, a cytokine that is known to be pro-
tective during several bacterial infections, including tularemia [29] [30] [31] [32] [33], were
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Fig 1. IL-1Rl and IL-18-deficient mice are more susceptible to lung infection with Ft LVS. (A) C57BL/6J or II-1r17" mice (n = 11), or I-18" and lI-1r17"/ll-
18" (DKO) mice (n = 5) were intranasally infected with 4x10° CFU Ft LVS and survival was monitored. (B) Mice infected as in A were euthanized 72 hours or
6 days p.i. and bacterial burden in organs was measured. One representative experiment of two is shown. Data are expressed as mean + S.D. *p<0.05,
**p<0.01. (B) Mann-Whitney U test.

doi:10.1371/journal.ppat.1004706.9001

reduced in II-18”" mice, a finding consistent with the established function of IL-18 as an IFNy-
inducing cytokine [29], but were significantly increased in BALF or sera of Il-1r1”" mice, a like-
ly reflection of the high level of IL-18 in these mice. Collectively, these results suggest that the
reduced resistance of II-18”~ mice may be due to inability to produce sufficient IFNY. This
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Fig 2. IFNy administration rescues survival of /-18”, but not lI-1r1”", mice intranasally infected with Ft
LVS. (A) Cytokine levels were measured 72 hours or 6 days p.i. in BALF (A) or serum (B) of mice intranasally
infected with 4x10% CFU Ft LVS. (C) Mice (n = 5), of shown genotypes, were intranasally infected with 4x10°
CFU Ft LVS and recombinant IFNy (1 ug) was administered daily by i.p. injection for the first 6 days. Survival
was monitored. One representative experiment of two is shown. Data are expressed as mean + S.D.
*p<0.05, **p<0.01. Mann-Whitney U test.

doi:10.1371/journal.ppat.1004706.9002

hypothesis was confirmed by the observation that administration of recombinant IFN to II-
18" mice during the first 6 days of infection completely rescued their survival (Fig. 2C). In
contrast, IFNy administration did not affect the survival of II-1r1”" mice, whose BALF already
contained sustained level of IFNY. These results show that distinct protective mechanisms are
triggered by IL-18 and IL-1p during lung infection with Ft LVS. Interestingly, IFNy administra-
tion to DKO mice significantly improved their survival but not to the extent of Il-1r1”" mice,
suggesting that IL-18 may have other protective functions not strictly related to induction of
IFNYy.

PLOS Pathogens | DOI:10.1371/journal.ppat.1004706 March 13,2015 5/20
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Fig 3. IL-1B, not IL-1q, is protective and acts in the early phase of Ft LVS intranasal infection. (A) IL-1a or IL-1( levels were measured 72 hours p.i. in
BALF of mice intranasally infected with 4x10® CFU Ft LVS (solid symbols) or mock infected (empty symbols). (B) Mice (n = 5), of shown genotypes, were
intranasally infected with 4x10% CFU Ft LVS and survival was monitored. * C57BL/6J or ll-1a”/ll-1b™" compared to /l-1b”. (C) Organ bacterial burdens were
measured 6 days p.i. in the indicated mouse strains infected as in B. (D) /l-1b™" mice intranasally infected with 4x10® CFU Ft LVS received daily
intraperitoneal injections of recombinant IL-1B (1 pg). In a similar fashion, C57BL/6J mice were treated with IL-1ra (4 mg) and infected. One representative
experiment of two is shown. Data are expressed as mean + S.D. *p<0.05, **p<0.01, ***p<0.001. Mann-Whitney U test.

doi:10.1371/journal.ppat.1004706.9003

IL-1B, not IL-1a, mediates protection during Ft LVS infection and is
important in the early phase of the infection

The IL-1RI mediates response to both IL-1o and IL-1p. Although both cytokines are produced
during infection with Ft LVS (Fig. 3A), II-1b”", but not Il-1a”", mice were found to be more sus-
ceptible than C57BL/6] mice to Ft LVS infection (Fig. 3B). In agreement with this result, bacte-
ria burdens were significantly increased in organs of II-1b™", but not Il-1a™", mice, compared to
C57BL/6] mice (Fig. 3C), confirming the protective role of IL-1f. Interestingly, the combined
absence of IL-10: and IL-1f appeared to result in a more drastic phenotype than the sole ab-
sence of IL-1f. Although the bacterial burden in organs was not significantly different between
I-1a”"/1-1b”" and II-1b”" mice, absence of both cytokines significantly decreased mice survival
compared to II-1b”" mice suggesting that, in absence of IL-1B, IL-10. may have a protective
role. This effect is likely due to the fact that both cytokines are known to engage in compensato-
ry mechanisms [34] [35] so that, in absence of IL-1p, the contribution of IL-1a, that is negligi-
ble in wild type mice, become somewhat more relevant.

As shown in Fig. 2A, production of IL-1p in C57BL/6] mice is higher at 72 h than at 6 days
p.i., even though the morbidity and mortality caused by its absence becomes apparent several
days later. To test the hypothesis that IL-1f is protective when produced in the early phase of
the infection but not in the late phase, recombinant IL-1B was administered daily during the
first week or the second week post infection to Il-1r1”" mice. As shown in Fig. 3D, exogenous
IL-1p was found to be protective only when administered during the first six days post
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infection. Conversely, blockage of IL-1, through administration of the IL-1 receptor antagonist
IL-1ra to C57BL/6] mice, was deleterious during the first week but not during the second week
post infection.

IL-1p is required for production of protective IgM

Our results so far indicate that IL-1f is produced and exerts its protective effect in the early
phase of the infection, but morbidity and mortality starts to become apparent in infected I
1rI”" mice only in the second week post-infection when mice definitively loose the ability to
contain the infection and bacteria burden dramatically increase. This is in clear contrast to II-
18" mice that shows signs of morbidity and mortality in the early days of infection (Fig. 1A).
These results, together with the observation that IFNy administration failed to rescue II-1r1""
mice (Fig. 2C), suggest that the innate immune response of Il-1r1”" mice is sufficient to effec-
tively control the infection and protect the mice for several days. Rather, the eventual death of
II-1r1”" mice may be due to failure of immune responses that are dependent on the presence of
IL-1B in the early phase of infection but are effectively deployed only in the second week of in-
fection. These features are consistent with immune responses that bridge innate and adaptive
immunity, such as the generation of IgM.

IgM is among the earliest immune effector mechanisms produced during infection and
plays an important role during bacterial infections [36], including tularemia. As shown in
Fig. 4A, Ft-specific IgM started to appear in the serum of infected mice 7 days post infection.
Remarkably, the level of Ft-specific IgM was significantly reduced in II-16™", 1I-1b”"-Il-1a”", or
1I-1r1"" mice compared to C57BL/6] or Il-1a”~ mice, suggesting that the susceptibility of IL-1-
deficient mice may be due to insufficient production of pathogen-specific IgM and demonstrat-
ing for the first time that IL-1p is required for optimal production of this antibody isotype. The
total serum IgM levels were similar among the different mouse strains (Fig. 4B) whereas the ti-
ters of Ft-specific IgG in serum or IgA in BALF of infected mice were undistinguishable from
those of non-infected mice. (S1 Fig.). Importantly, anti-Ft IgM was also present in the BALF of
infected mice (Fig. 4C). Supporting the hypothesis that reduced titer of Ft-specific IgM is re-
sponsible for the susceptibility of II-1r1”" mice, passive transfer of serum obtained from Ft LVS
infected C57BL/6] mice seven days p.i. protected naive C57BL/6] mice from infection with le-
thal doses of Ft LVS (Fig. 4D). Transfer of pre-immune serum did not confer protection, sug-
gesting that innate antibodies were not mediating the observed protection. Remarkably, the
serum obtained from II-1b”" mice was not protective, supporting the hypothesis that the ob-
served protection was mainly mediated by Ft-specific IgM generated in an IL-1-dependent
way. This was confirmed by the observation that serum of infected C57BL/6] mice depleted of
IgM lost its protective activity. This result ruled out the possibility that other antimicrobial
molecules produced during infection could play a role in the observed protection. Moreover,
before passive transfer, sera were dialyzed using 100 kDa cut-off membranes to eliminate cyto-
kines and other small inflammatory mediators.

Anti-Ft IgM generation is dependent on TLR2 and ASC

As shown in Fig. 5A, and in agreement with previous works [12,21], production of mature IL-
1B in response to Ft LVS infection is dependent on TLR2 and the inflammasome adaptor ASC.
Interestingly, production of IL-18 was dependent on ASC but not TLR2 (Fig. 5B). Differently
from IL-1P, IL-18 is known to be constitutively expressed, which may relieve the necessity of
TLR-mediated priming steps. Reinforcing the notion that IL-1 is required for the production
of anti-Ft IgM, the level of this antibody was significantly decreased in the serum of infected
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Tlr2"" and Asc”” mice (Fig. 5C). As previously shown [10] [11,21], these mice had increased
bacterial burdens in the organs (Fig. 5D), another indication that anti-Ft IgM is protective.

Protective IgM is specific for Ft LPS

Natural antibodies belonging to the IgM class are present in serum regardless of exposure to
pathogens and tend to be poly-reactive and specific for T-independent antigens such as bacteri-
al lipopolysaccharides [37]. As shown in Fig. 6A, pre-immune serum did not contain IgM reac-
tive against a Ft LVS lysate. In contrast, the immune serum reacted with the Ft LVS lysate in a
banding pattern characteristic of LPS. Competitive ELISA was used to show that the anti-Ft
IgM was specifically directed against Ft LPS but did not react with E. coli LPS (Fig. 6B), rein-
forcing the notion that this is an Ft-specific response and that the measured anti-Ft LPS IgM is
not part of the natural antibody repertoire.

Anti-Ft IgM efficiently agglutinates Ft LVS and promotes phagocytosis

Complement fixation and agglutination are among the most effective antibacterial function of
IgM. Ft LVS is known to be resistant to complement-mediated lysis [38] [39]. However, IgM-
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Fig 5. Generation of protective anti-Ft LPS IgM is dependent on TLR2 and inflammasome. Cytokine
levels were measured 6 days p.i. in BALF (A) or serum (B) of mice intranasally infected with 4x10° CFU Ft
LVS. (C) Anti-Ft IgM were measured on day 7 p.i. in serum of mice infected as in A. (D) Organ bacterial
burdens were measured 6 days p.i. in the indicated mouse strains infected as in A. Data are expressed as
mean + S.D. *p<0.05, **p<0.01. Unpaired t-test.

doi:10.1371/journal.ppat.1004706.9005

mediated C3 opsonization has been shown to enhance Ft LVS phagocytosis by PMN [40].
Day-7 immune serum from Ft LVS-infected C57BL/6 mice efficiently agglutinated Ft LVS in
vitro, a phenomenon not observed with pre-immune serum and only partially with serum
from infected II-16”" mice (Fig. 7A). Pre-incubation of Ft LVS with immune serum significant-
ly reduced infectivity and intracellular replication in bone marrow-derived macrophages
(BMM) (Fig. 7B) or in C57BL6/] mice (Fig. 7C). Pre-agglutinated bacteria were also phagocy-
tosed more efficiently by bone marrow-derived dendritic cells (BMDC) (Fig. 7D). When
GFP-expressing Ft LVS was pre-incubated with pre-immune serum or serum from infected
1I-1b”" mice only 9.8% or 8.75% of BMDC phagocytosed bacteria and became GFP-positive,
respectively. In contrast, agglutination of Ft LVS with serum from infected C57BL/6] mice dra-
matically increased phagocytosis of the bacteria (25.3% of cells were GFP-positive). Heat inac-
tivation of this serum reduced the percentage of cells containing bacteria (16.5%) suggesting
that the opsonic function of anti-Ft IgM is partially mediated by complement activation, a re-
sult consistent with the above-mentioned role of C3 in Ft LVS uptake. Pre-agglutination did
not affect growth of bacteria in liquid cultures (S2 Fig.). Taken together, these results suggest
that agglutination and C3-mediated opsonization are the main mechanisms responsible for the
protective effect of anti-Ft IgM.
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Fig 6. Protective anti-Ft IgM are specific for Ft LPS. (A) Preimmune serum or day 7 Ft-immune serum were used to probe Ft lysate by immunoblot. (B) Ft
immune serum was incubated with PBS, E. coli LPS, or Ft LPS and then used in a competitive ELISA assay on plates coated with Ft lysate, Ft LPS, or E. coli
LPS. One representative experiment of two is shown. Data are expressed as mean + S.D.

doi:10.1371/journal.ppat.1004706.9006

Role of B1a B cells in production of anti-Ft LPS IgM

Both B1 and B2 B cells subsets are known to contribute to rapid production of IgM during in-
fection and to a different extent depending on the pathogen. B1 B cells and marginal zone B
cells (MZ B cells) are a major source of natural antibodies and IgM specific for T-independent
antigens such as LPS and self-antigens [41] [42]. Previous work has shown that immunization
with purified Ft LPS caused expansion of Bla B cells [43]. Analysis of various B cells subsets in
mice infected for 7 days with Ft LVS revealed that C57BL/6] and Il-1r1”" mice or II-1b”" mice
(S3 Fig.) had a similar percentage and total number of B cells, MZ B cells, and follicular B cells
in different anatomical locations. In contrast, Bla B cells, but not B1b B cells, were detected in
lower proportions in the peritoneal cavity and spleen of II-1b”~ mice, compared to C57BL/6]
mice (Fig. 8B). Bla B cells were present in equal amount in uninfected C57BL/6] or II-1b™
mice suggesting that absence of IL-1p affects the infection-induced expansion of these cells, not
their homeostasis. Spleen cells from infected C57BL/6] and II-1b”~ mice were cultured for 18
hours in presence of PMA and anti-Ft IgM was measured in the cultured supernatants. As
shown in Fig. 8C, cells derived from II-1b”" mice released significantly lower amount of anti-Ft
IgM compared to C57BL/6] cells. Given that Bla cells were the only B cell subset differentially
represented in the spleen of C57BL/6] and II-1b™" mice (Fig. 8B and S3 Fig.), these data suggests
that the anti-Ft LPS IgM is produced by Bla B cells. To demonstrate this point conclusively,
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mean + S.D. *p<0.05, **p<0.01, ***p<0.001. Unpaired t-test.

doi:10.1371/journal.ppat.1004706.9g007

Bla B cells were purified by flow cytometry from the spleen of C57BL/6] or Il-1b”" infected
mice and cultivated for 24 hours. Anti-Ft LPS IgM were present in the conditioned superna-

tants of purified Bla B cell cultures (Fig. 8D) and, more importantly, in higher amount in

C57BL/6] than in II-1b™" cells. Together with the in vivo results, these data demonstrate that
Bla B cells are the source of the Ft-specific IgM and that expansion of these cells depends on
IL-1B.

Discussion

A number of studies over the past few years have characterized the innate immune response
against Ft LVS infection and in particular the protective role played by activation of the AIM2
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Fig 8. Reduced number of B1a B cells in /I-1b™ mice infected with Ft LVS. (A) Representative FACS profile and gating strategy to identify B1a and B1b
B cells. (B) The number of Bla and B1b B cells was measured in peritoneal lavage, spleen, and mediastinal lymph nodes of indicated mouse strains
intranasally infected with Ft LVS 10° CFU 6 days p.i. (C) Total spleen cells (5x10° cells/ml) or (D) purified B1a B cells (x10° cells/ml) from mice infected as in
A were cultured for 24 hours. IgM was measured in culture supernatants. One representative experiment of three is shown. Data are expressed as mean + S.
D. *p<0.05, **p<0.01. Unpaired t-test.

doi:10.1371/journal.ppat.1004706.9008
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inflammasome [3,44]. However, by comparison, the role of IL-1p and IL-18 in this infection
has been somewhat neglected and remains unclear.

Our study is the first to show that during lung infection with Ft LVS, IL-18 and IL-18 are
protective, but through different mechanisms. IL-18-deficient mice quickly succumbed to in-
fection with high organ bacterial burdens and low levels of IFNY, a cytokine that has been
shown to be critical for protection from tularemia [30] [31] [32] [33]. Administration of IFNy
increased the survival of II-18”~ mice, suggesting that the lower resistance to tularemia is due to
an inability to produce IFNy. In contrast, IFNy administration had no effect on Il-1r1”" mice
survival. Thus, different mechanisms determine the increased susceptibility of II-1r1 7~ and II-
18" mice to tularemia. This conclusion was also supported by the observation that II-1r17" or
1I-1b”" mice appear to be able to control the infection, at least in its early stages, but eventually
succumbed. This raised the possibility that responses at the boundary of innate and adaptive
immunity were defective in absence of IL-1. In fact, our results show that Il-1r1”" mice pro-
duced Ft LPS-specific IgM in a significantly reduced amount compared to C57BL/6] mice. Pas-
sive immunization experiments showed that anti-Ft I[gM were protective, suggesting that the
higher susceptibility of IL-1-deficient mice is partly due to reduced production of anti-Ft-LPS
IgM.

The antibody response to Ft infection has been characterized in detail in mice and humans
and is mainly directed against LPS and composed of IgM and IgG [45]. Several studies have
previously shown that Ff LVS infection, or immunization with Ft LPS, result in a protective hu-
moral response that can be passively transferred [46] [47] [48] [49]. In all these studies, the pas-
sive immunization relied on immune sera obtained several weeks post infection/immunization,
implying a role for Ft-specific IgG, rather than IgM. One study in fact showed that in order to
be protective, serum should be collected at least 15 days p.i. [46]. In that study mice were in-
fected intradermaly as opposed to the intranasal route we used. One novelty of our study is
that it shows that during intranasal infection with Ft LVS the protective humoral response is
deployed more rapidly than previously thought and that IgM is a critical component of this re-
sponse. The fact that Ft LVS has been shown to have a significant extracellular phase in in-
tected mice [50] explains why the humoral response can be so effective against infection with
this facultative intracellular bacterium. Importantly, our results show that anti-Ft IgM is pres-
ent in the BALF of infected mice suggesting a role for this Ig isotype at mucosal surfaces. It is
likely that infection-induced tissue damage and vascular leakage are responsible for IgM spill-
age into alveolar spaces.

It is increasingly recognized that IgM plays a protective role during infections, yet the mech-
anisms of protection have not been consistently defined. IgM efficiently fixes complement and
promotes bacteria agglutination and phagocytosis. Although, Ft is resistant to complement-
mediated lysis [39] [51], it has been demonstrated that IgM-mediated C3 deposition enhances
Ft LVS phagocytosis by neutrophils [40]. Our results support the conclusion that the protec-
tion conferred by passive transfer of anti-Ft IgM is mediated by enhanced agglutination/
opsonization.

Although it is widely accepted that IgM represents an important first line of defense against
infection [36], the pathways leading to production of these antibodies during infection and
many aspects of their biology remain unclear. Different B cell subsets, including marginal zone
(MZ) B cells and B1 B cells, have been shown to be the main source of the IgM rapidly generat-
ed against T-independent antigens during viral or bacterial infections [52]. Studies have indi-
cated that among B1 B cells, the Bla subset is primarily responsible for production of natural
IgM while B1b B cells produce pathogen-specific immune IgM [53,54]. However, recent studies
have challenged this simplistic classification by showing pathogen-specific antibody produc-
tion by Bla B cells [43].
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Here we show that the reduced serum titer of Ft LPS-specific IgM in IL-1-deficient mice
correlated with a significant reduction in the percentage of Bla B cells in the spleen and perito-
neal cavity in these mice. Purification of Bla B cells from infected mice confirmed that these
cells are responsible for production of the protective anti-Ft LPS IgM. This conclusion is in
agreement with the work of Cole et al. [43] that elegantly showed that vaccination of mice with
purified Ft LPS rapidly elicits expansion of a rare population of Bla B cells as well as produc-
tion of anti-Ft LPS protective antibodies. In a follow-up study [55], the same authors showed
that the protection conferred by Ft LPS immunization required antibody production and mac-
rophages activation. It should be noted that neither study showed whether the protective anti-
Ft LPS antibodies were IgM and whether transfer of sera containing them was sufficient for
protection, as demonstrated in our experiments. Our study complements that of Cole et al.

[43] by showing that expansion of Bla B cells and the production of anti-Ft LPS antibodies oc-
curs during a natural infection with Ft LVS, as opposed to the artificial setting of vaccination.
In their study [43], Cole et al. concluded that generation of the anti-Ft LPS antibodies was inde-
pendent of innate immunity because this response was observed in TLR4- or TLR2-deficient
mice. Interestingly, despite similar titers of anti-Ft LPS antibodies in C57BL/6] and Tlr2"
mice, immunization with Ft LPS was not protective in TIr2”" mice. Of note, Ft LPS does not ac-
tivate TLR4 or TLR2 [5] [6] [7]. On the other hand, Ft LVS has been shown to activate TLR2
[10] [12] and, consistent with this, our results show that production of anti-Ft LPS IgM, as well
as IL-1p, depends on TLR2 and the inflammasome adaptor ASC. Thus, it appears that genera-
tion of anti-Ft LPS antibodies can proceed in absence of TLR stimulation in the Ft LPS vaccina-
tion setting. However, during infection with Ft LVS, activation of TLR2 and the inflammasome
significantly boosts this response in an IL-1B-dependent fashion. The disparities between vacci-
nation and natural infection are likely due to the fact that vaccination with purified LPS deliv-
ers a signal sufficiently strong to activate Bla B cells even in absence of TLR engagement and
cytokine production. In contrast, in the natural infection setting “free LPS” may be present in
much lower amount and, under these circumstances, the adjuvant effect of IL-1f becomes es-
sential for efficient expansion of Bla B cells. Interestingly, it has been reported that mice defi-
cient in Bruton’s tyrosine kinase, which lack Bla B cells, were more susceptible to lung
infection with the Ft virulent strain SchuS4 due to an increase in macrophages and NK/NKT
cells [56].

The role of IL-1 for antibody production has been extensively analyzed in conventional B
cells, and seems to vary according to the experimental setting [57]. In contrast, whether IL-1
regulates the development of B1 B cells and production of IgM by this cell type has not been in-
vestigated. Decreased IgM production in Il-1r1”" mice has been reported, although the involve-
ment of B1 B cells subsets was not examined in that study [58]. Our study reveals that rapid
production of anti-Ft LPS IgM by Bla B cells depends on IL-1f and suggests, for the first time,
arole for IL-1B in the development of Bla B cells during a bacterial infection. Several questions
are prompted by our study: Is IL-1p action on Bla B cells direct or mediated by other factors/
cells that may regulate migration and activation of these cells? Is the requirement for IL-1p ab-
solute or limited to an enhancing role for a timely production of IgM by Bla B cells? Although
the Bla cell population was the only one quantitatively altered in absence of IL-18, is produc-
tion of IgM by B1b or MZ B cells regulated by IL-1f in other settings? The IL-1 family member
IL-33 has been shown to be required for B1 B cells development [59]. Interestingly, IL-1RAcP,
the signaling subunit shared by IL-1 receptor and ST2, the IL-33 receptor, was differentially ex-
pressed by Bla and B1b subsets. Whether IL-1RI is differentially expressed in B cell subsets re-
mains to be determined. Future studies should examine the role of IL-1p in B1 B cells
activation and IgM production during different bacterial and viral infections
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Materials and Methods
Ethics statement

All the animal experiments described in the present study were conducted in strict accordance
with the recommendations in the Guide for the Care and Use of Laboratory Animals of the Na-
tional Institutes of Health. All animal studies were conducted under protocols approved by the
Rosalind Franklin University of Medicine and Science Institutional Animal Care and Use
Committee (IACUC) (protocol # B12-07). All efforts were made to minimize suffering and en-
sure the highest ethical and humane standards.

Mice

C57BL/6, Tlr2"", 1I-1r17", II-18”" were purchased from Jackson lab and bred in our facility. II-
18""-1-1r1"" double deficient mice (DKO) were obtained by crossing the parental single
knockout mice. Asc”’”~ mice were obtained from V. Dixit (Genentech). Il-1a” and II-1a”*/1I-
1b™" were from L. Iwakura, II-1b”" from D. Chaplin. All mouse strains were on C57BL/6 genetic
background and were bred under specific pathogen-free conditions in our facility. Age-(8-12
weeks old) and sex-matched animals were used in all experiments. Generally, experimental
groups were composed of at least 5 mice. All the animal experiments described in the present
study were conducted in strict accordance with the recommendations in the Guide for the Care
and Use of Laboratory Animals of the National Institutes of Health. All animal studies were
conducted under protocols approved by Institutional Animal Care and Use Committees of the
Rosalind Franklin University of Medicine and Science.

Bacteria, mice infection and treatments

For all experiments the Francisella tularensis LVS was used. GFP-expressing Ft LVS was pro-
vided by Mark Miller (UTHSC). Bacteria were grown in MH broth (Muller Hinton supple-
mented with 0.1% glucose, 0.1% cysteine, 0.25% ferric pyrophosphate, and 2.5% calf serum) to
mid-logarithmic phase, their titer was determined by plating serial dilutions on complete MH
agar, and stocks were maintained frozen at —80°C. No loss in viability was observed over pro-
longed storage. For infections, frozen stocks were diluted in sterile PBS to the desired titer. Ali-
quots were plated on complete MH agar to confirm actual cfu. Mice were anesthetized with
isoflurane using a Surgivet apparatus and 50 ml of bacteria suspension were applied to the
nare. In some experiments, mice were injected i.p. daily with recombinant mouse IL-18 (1 ug)
or IFNY (1 pg). IL-1ra (Biovitrum) was administered by alternating s.c. and i.p. injections every
12 hours (60 mg/kg body weight).

Determination of bacteria growth in tissue culture and organs

Organs aseptically collected were weighted and homogenized in 1 ml PBS containing 0.5% sa-
ponin and 3% BSA. Serial dilutions were plated on complete MH agar plates.

BALF collection and cytokine measurements

BALF were collected from euthanized mice by intratracheal injection and aspiration of 1 ml
PBS. Cytokine levels in BALF or serum were measured by ELISA using the following paired an-
tibodies kits: mIL-1c, mIL-13, mIFNYy (eBioscience), mIL-18 (MBL Nagoya, Japan).
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Determination of antibody titers and competitive ELISA

Blood was collected aseptically from the submandibular vein. Ft LPS-specific immunoglobulin
levels in sera or BALF were measured by ELISA. Serial dilutions of sera were plated in 96 wells
plates coated with Ft LVS lysate (10 pg/ml). HRP-conjugated rat anti-mouse IgM or IgG
(Southern Biotech Associates, Birmingham, AL) was added followed by TMB substrate and
measurement of absorbance at 450 nm. For competitive ELISA (Fig. 6B) plates were coated
with Ft LVS lysate (10 pg/ml), purified Ff LVS LPS (10 pg/ml), or E. coli LPS (0111:B4, 10 pg/
ml). Immune serum was preincubated with PBS, E. coli LPS or Ft LVS LPS (1 pg) for 30 min-
utes before dilution and addition to coated plates.

Western blot

Ft LVS lysate (50 pg) was separated by 12% PAGE electrophoresis, transferred to PVDF mem-
branes, and probed with pre-immune or immune serum (1:300 dilution) followed by anti-
mouse IgM-HRP (Upstate Biotechnologies) and developed by ECL Femto (Pierce).

Passive immunization

Preimmune serum or sera from different mouse strains infected for 7 days were dialyzed
against PBS (100 kDa mw cut-off) and 300 ul were intraperitoneally administered to mice 18
hours before infection. To deplete IgM, serum was incubated 1 hours at 4°C with anti-mouse
IgM agarose (Sigma).

Bacteria agglutination, infectivity, and phagocytosis

Ft LVS was grown O/N in complete MH broth. 10 pl of bacterial culture were incubated with
10 pl of serum for 10 minutes at RT. Agglutination was confirmed by microscopy and flow cy-
tometry. To measure infectivity of agglutinated Ft LVS in vitro, BMM were infected with bacte-
ria preincubated with different sera at a MOI 500 and infection allowed to proceed for 2 hours.
Cells were then washed 3 times with PBS and cultured for additional 18 hours in DMEM-10%
FCS containing gentamicin and kanamycin (400 pg/ml). Media were aspirated and cells lysed
in PBS containing 0.5% saponin and 3% BSA. Serial dilutions were plated on complete MH
agar. To measure phagocytosis, BMDC were incubated for 4 hours with GFP-expressing Ft
LVS agglutinated with different sera. Some sera were heat inactivated at 56 C for 30 minutes.
Gentamicin and kanamycin (400 pg/ml) were then added to the medium for 4 more hours to
kill extracellular bacteria and cells were analyzed by flow cytometry. The percentage of GFP
positive cells (those that phagocytosed Ft LVS) was calculated by Overton subtraction.

Flow cytometry

Cells obtained from BALF, peritoneal lavage, spleen, or mediastinal lymph nodes were resus-
pended in FACS buffer (1% BSA, 0.05% NaN3 in PBS) containing anti-CD16/CD32 (clone
2.4G2) and counted. For analysis cells were incubated for 30’ on ice with the following antibody
cocktails: for myeloid cells, CD11b-PECy7, Ly6G-PE, F4/80-APC, CD11c-FITC and NKp46-
BV421; for GC B cells, B220-PercpCy5.5, CD4-APC, FAS-PE and GL-7-FITC; for marginal
zone (MZ) and Follicular B cells, CD19-BV421, CD23-PECy7 and CD21-APC; for B1 cells,
CD19-BV421, IgM-PECy7, IgD-APC, CD11b-AF700 and CD5-PE; for Tgy cells, CXCR5-bio-
tin followed by streptavidin-APC, CD4-PercpCy5.5, BTLA-PE and PD1-FITC.

GC B cells are defined as CD4™ B220" cells expressing both FAS and GL-7; Tgy cells are
CD4* CXCR5" BTLA" [60]; Fol B cells are defined as CD19* CD23* CD21/intermediate, nr7 g
cells are the CD19* CD21" CD23 7% cells [61]. B cells (CD19") were gated on lymphocyte
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gate followed by singlet gate (FSC-A vs FSC/H) and identified as B2 or B1 cells according to
the surface expression of IgD or IgM, respectively. B1 B cells subsets are defined as described in
[54] [61] as CD19* Ithigh IgD'/ low B1 B cells were selected and gated for the expression of
CD11b and CD5. Bla cells are defined as CD5", B1b cells as CD5". FMO or isotype controls
were used to set the gate. Data were acquired with a BD LSR II flow-cytometer (BD biosci-
ences) and analyzed with FlowJo 7.6.5 software (Treestar Inc).

B1a B cell sorting and purification

Bla B cells were purified from the spleen of mice infected for 7 days with Ft LVS according to
[56]. Single cell suspensions of splenic cells were enriched by negative selection for B cells using
the B cell isolation kit (StemCell). The CD19*/CD5" B1 a B cells were sorted with a BD FAC-
SAria IT u flow cytometer. Bla B cells were resuspended in DMEM-10% FCS at a density of

1.5 x10° and cultured in 96 well plate for 24 hours.

Statistical analysis

All data were expressed as mean + S.D. Survival curves were compared using the log rank
Kaplan-Meier test. Mann-Whitney U test or unpaired t-test were used for analysis of the rest of
data as specified in figure legends. Significance was set at p<<0.05. Statistical analyses were per-
formed using the GraphPad Prism 5.0.

Supporting Information

S1 Fig. Anti-Ft IgG and IgA. Ft-specific IgG in serum or IgA in BALF of mice intranasally in-
fected with Ft LVS 10> CFU were measured on day 7 p.i.
(JPG)

S2 Fig. Agglutination of Ft LVS does not affect in vitro bacterial growth. Ft LVS agglutinat-
ed with the indicated sera were grown in complete MH broth and absorbance was measured at
indicated time points.

(JPG)

$3 Fig. Myeloid and lymphoid cell populations in C57BL/6 and II-1r1”~ mice. Leukocyte
populations were measured in BALF, spleen, and mediastinal lymph nodes of II-1r1”~ (A-C) or
1I-1b™" (D, E) mice intranasally infected with Ft LVS 10° CFU 6 days p.i. One representative ex-
periment of three is shown. Data are expressed as mean + S.D. *p<0.05, **p<0.01. Unpaired
t-test.

(JPG)

Acknowledgments

We are grateful to V. Dixit, Genentech, for Asc’” mice, to I. Iwakura for II-1a”" and II-1a™"/II-
1b”" mice, to D. Chaplin for II-1b™" mice, to Alice Gilman-Sachs for reading the manuscript,
and to Robert Dickinson for help with flow cytometry.

Author Contributions

Conceived and designed the experiments: LdB MS FR. Performed the experiments: LdB MS LL
ICO FR. Analyzed the data: LdB MS LL JMR FR. Contributed reagents/materials/analysis
tools: JMR. Wrote the paper: LdB MS FR.

PLOS Pathogens | DOI:10.1371/journal.ppat.1004706 March 13,2015 17/20


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.ppat.1004706.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.ppat.1004706.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.ppat.1004706.s003

@’PLOS | PATHOGENS

IL-1B, Anti-LPS IgM, and B1a B Cells in Tularemia

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

McLendon MK, Apicella MA, Allen LA (2006) Francisella tularensis: taxonomy, genetics, and Immuno-
pathogenesis of a potential agent of biowarfare. Annu Rev Microbiol 60: 167—185. PMID: 16704343

Steiner DJ, Furuya Y, Metzger DW (2014) Host-pathogen interactions and immune evasion strategies
in Francisella tularensis pathogenicity. Infect Drug Resist 7: 239—251. doi: 10.2147/IDR.S53700 PMID:
25258544

Elkins KL, Cowley SC, Bosio CM (2007) Innate and adaptive immunity to Francisella. Ann N Y Acad Sci
1105: 284—-324. PMID: 17468235

Jones CL, Napier BA, Sampson TR, Llewellyn AC, Schroeder MR, et al. (2012) Subversion of host rec-
ognition and defense systems by Francisella spp. Microbiol Mol Biol Rev 76: 383—404. doi: 10.1128/
MMBR.05027-11 PMID: 22688817

Cole LE, Elkins KL, Michalek SM, Qureshi N, Eaton LJ, et al. (2006) Immunologic consequences of
Francisella tularensis live vaccine strain infection: role of the innate immune response in infection and
immunity. J Immunol 176: 6888—-6899. PMID: 16709849

Hajjar AM, Harvey MD, Shaffer SA, Goodlett DR, Sjostedt A, et al. (2006) Lack of in vitro and in vivo rec-
ognition of Francisella tularensis subspecies lipopolysaccharide by Toll-like receptors. Infect Immun
74:6730-6738. PMID: 16982824

Barker JH, Weiss J, Apicella MA, Nauseef WM (2006) Basis for the failure of Francisella tularensis lipo-
polysaccharide to prime human polymorphonuclear leukocytes. Infect Immun 74: 3277-3284. PMID:
16714555

Ancuta P, Pedron T, Girard R, Sandstrom G, Chaby R (1996) Inability of the Francisella tularensis lipo-
polysaccharide to mimic or to antagonize the induction of cell activation by endotoxins. Infect Immun
64:2041-2046. PMID: 8675305

Dreisbach VC, Cowley S, Elkins KL (2000) Purified lipopolysaccharide from Francisella tularensis live
vaccine strain (LVS) induces protective immunity against LVS infection that requires B cells and
gamma interferon. Infect Immun 68: 1988-1996. PMID: 10722593

Katz J, Zhang P, Martin M, Vogel SN, Michalek SM (2006) Toll-like receptor 2 is required for inflamma-
tory responses to Francisella tularensis LVS. Infect Immun 74: 2809-2816. PMID: 16622218

Malik M, Bakshi CS, Sahay B, Shah A, Lotz SA, et al. (2006) Toll-like receptor 2 is required for control
of pulmonary infection with Francisella tularensis. Infect Immun 74: 3657-3662. PMID: 16714598

Li H, Nookala S, Bina XR, Bina JE, Re F (2006) Innate immune response to Francisella tularensis is
mediated by TLR2 and caspase-1 activation. J Leukoc Biol 80: 766—773. PMID: 16895974

Thakran S, Li H, Lavine CL, Miller MA, Bina JE, et al. (2008) Identification of Francisella tularensis lipo-
proteins that stimulate the toll-like receptor (TLR) 2/TLR1 heterodimer. J Biol Chem 283: 3751-3760.
PMID: 18079113

Henry T, Monack DM (2007) Activation of the inflammasome upon Francisella tularensis infection: inter-
play of innate immune pathways and virulence factors. Cell Microbiol 9: 2543-2551. PMID: 17662071

Cunha LD, Zamboni DS (2013) Subversion of inflammasome activation and pyroptosis by pathogenic
bacteria. Front Cell Infect Microbiol 3: 76. doi: 10.3389/fcimb.2013.00076 PMID: 24324933

Atianand MK, Duffy EB, Shah A, Kar S, Malik M, et al. (2011) Francisella tularensis reveals a disparity
between human and mouse NLRP3 inflammasome activation. J Biol Chem 286: 39033—-39042. doi:
10.1074/jbc.M111.244079 PMID: 21930705

Dinarello CA (2009) Immunological and inflammatory functions of the interleukin-1 family. Annu Rev
Immunol 27:519-550. doi: 10.1146/annurev.immunol.021908.132612 PMID: 19302047

Kingry LC, Petersen JM (2014) Comparative review of Francisella tularensis and Francisella novicida.
Front Cell Infect Microbiol 4: 35. doi: 10.3389/fcimb.2014.00035 PMID: 24660164

Fortier AH, Slayter MV, Ziemba R, Meltzer MS, Nacy CA (1991) Live vaccine strain of Francisella tular-
ensis: infection and immunity in mice. Infect Immun 59: 2922—2928. PMID: 1879918

Elkins KL, Winegar RK, Nacy CA, Fortier AH (1992) Introduction of Francisella tularensis at skin sites
induces resistance to infection and generation of protective immunity. Microb Pathog 13: 417—421.
PMID: 1297917

Mariathasan S, Weiss DS, Dixit VM, Monack DM (2005) Innate immunity against Francisella tularensis
is dependent on the ASC/caspase-1 axis. J Exp Med 202: 1043-1049. PMID: 16230474

Collazo CM, Sher A, Meierovics Al, Elkins KL (2006) Myeloid differentiation factor-88 (MyD88) is essen-
tial for control of primary in vivo Francisella tularensis LVS infection, but not for control of intra-macro-
phage bacterial replication. Microbes Infect 8: 779-790. PMID: 16513388

PLOS Pathogens | DOI:10.1371/journal.ppat.1004706 March 13,2015 18/20


http://www.ncbi.nlm.nih.gov/pubmed/16704343
http://dx.doi.org/10.2147/IDR.S53700
http://www.ncbi.nlm.nih.gov/pubmed/25258544
http://www.ncbi.nlm.nih.gov/pubmed/17468235
http://dx.doi.org/10.1128/MMBR.05027-11
http://dx.doi.org/10.1128/MMBR.05027-11
http://www.ncbi.nlm.nih.gov/pubmed/22688817
http://www.ncbi.nlm.nih.gov/pubmed/16709849
http://www.ncbi.nlm.nih.gov/pubmed/16982824
http://www.ncbi.nlm.nih.gov/pubmed/16714555
http://www.ncbi.nlm.nih.gov/pubmed/8675305
http://www.ncbi.nlm.nih.gov/pubmed/10722593
http://www.ncbi.nlm.nih.gov/pubmed/16622218
http://www.ncbi.nlm.nih.gov/pubmed/16714598
http://www.ncbi.nlm.nih.gov/pubmed/16895974
http://www.ncbi.nlm.nih.gov/pubmed/18079113
http://www.ncbi.nlm.nih.gov/pubmed/17662071
http://dx.doi.org/10.3389/fcimb.2013.00076
http://www.ncbi.nlm.nih.gov/pubmed/24324933
http://dx.doi.org/10.1074/jbc.M111.244079
http://www.ncbi.nlm.nih.gov/pubmed/21930705
http://dx.doi.org/10.1146/annurev.immunol.021908.132612
http://www.ncbi.nlm.nih.gov/pubmed/19302047
http://dx.doi.org/10.3389/fcimb.2014.00035
http://www.ncbi.nlm.nih.gov/pubmed/24660164
http://www.ncbi.nlm.nih.gov/pubmed/1879918
http://www.ncbi.nlm.nih.gov/pubmed/1297917
http://www.ncbi.nlm.nih.gov/pubmed/16230474
http://www.ncbi.nlm.nih.gov/pubmed/16513388

@’PLOS | PATHOGENS

IL-1B, Anti-LPS IgM, and B1a B Cells in Tularemia

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Huang MT, Mortensen BL, Taxman DJ, Craven RR, Taft-Benz S, et al. (2010) Deletion of ripA alleviates
suppression of the inflammasome and MAPK by Francisella tularensis. J Immunol 185: 5476-5485.
doi: 10.4049/jimmunol.1002154 PMID: 20921527

Ulland TK, Buchan BW, Ketterer MR, Fernandes-Alnemri T, Meyerholz DK, et al. (2010) Cutting edge:
mutation of Francisella tularensis mviN leads to increased macrophage absent in melanoma 2 inflam-
masome activation and a loss of virulence. J Immunol 185: 2670-2674. doi: 10.4049/jimmunol.
1001610 PMID: 20679532

Jayakar HR, Parvathareddy J, Fitzpatrick EA, Bina XR, Bina JE, et al. (2011) A galU mutant of Franci-
sella tularensis is attenuated for virulence in a murine pulmonary model of tularemia. BMC Microbiol
11:179. doi: 10.1186/1471-2180-11-179 PMID: 21819572

Peng K, Broz P, Jones J, Joubert LM, Monack D (2011) Elevated AIM2-mediated pyroptosis triggered
by hypercytotoxic Francisella mutant strains is attributed to increased intracellular bacteriolysis. Cell
Microbiol 13: 1586—1600. doi: 10.1111/j.1462-5822.2011.01643.x PMID: 21883803

Ulland TK, Janowski AM, Buchan BW, Faron M, Cassel SL, et al. (2013) Francisella tularensis live vac-
cine strain folate metabolism and pseudouridine synthase gene mutants modulate macrophage cas-
pase-1 activation. Infect Immun 81: 201-208. doi: 10.1128/IA1.00991-12 PMID: 23115038

Puren AJ, Fantuzzi G, Gu Y, Su MS, Dinarello CA (1998) Interleukin-18 (IFNgamma-inducing factor) in-
duces IL-8 and IL-1beta via TNFalpha production from non-CD14+ human blood mononuclear cells. J
Clin Invest 101: 711-721. PMID: 9449707

Okamura H, Tsutsi H, Komatsu T, Yutsudo M, Hakura A, et al. (1995) Cloning of a new cytokine that in-
duces IFN-gamma production by T cells. Nature 378: 88-91. PMID: 7477296

Anthony LS, Ghadirian E, Nestel FP, Kongshavn PA (1989) The requirement for gamma interferon in
resistance of mice to experimental tularemia. Microb Pathog 7: 421-428. PMID: 2516219

Anthony LS, Morrissey PJ, Nano FE (1992) Growth inhibition of Francisella tularensis live vaccine
strain by IFN-gamma-activated macrophages is mediated by reactive nitrogen intermediates derived
from L-arginine metabolism. J Immunol 148: 1829-1834. PMID: 1541823

Chen W, KuoLee R, Shen H, Conlan JW (2004) Susceptibility of immunodeficient mice to aerosol and
systemic infection with virulent strains of Francisella tularensis. Microb Pathog 36: 311-318. PMID:
15120157

Duckett NS, Olmos S, Durrant DM, Metzger DW (2005) Intranasal interleukin-12 treatment for protec-
tion against respiratory infection with the Francisella tularensis live vaccine strain. Infect Immun 73:
2306-2311. PMID: 15784575

Horai R, Asano M, Sudo K, Kanuka H, Suzuki M, et al. (1998) Production of mice deficient in genes for
interleukin (IL)-1alpha, IL-1beta, IL-1alpha/beta, and IL-1 receptor antagonist shows that IL-1beta is
crucial in turpentine-induced fever development and glucocorticoid secretion. J Exp Med 187: 1463—
1475. PMID: 9565638

Oguri S, Motegi K, Iwakura Y, Endo Y (2002) Primary role of interleukin-1 alpha and interleukin-1 beta
in lipopolysaccharide-induced hypoglycemia in mice. Clin Diagn Lab Immunol 9: 1307-1312. PMID:
12414765

Racine R, Winslow GM (2009) IgM in microbial infections: taken for granted? Immunol Lett 125: 79-85.
doi: 10.1016/j.imlet.2009.06.003 PMID: 19539648

Ehrenstein MR, Notley CA (2010) The importance of natural IgM: scavenger, protector and regulator.
Nat Rev Immunol 10: 778-786. doi: 10.1038/nri2849 PMID: 20948548

Sorokin VM, Pavlovich NV, Prozorova LA (1996) Francisella tularensis resistance to bactericidal action
of normal human serum. FEMS Immunol Med Microbiol 13: 249-252. PMID: 8861038

Ben Nasr A, Klimpel GR (2008) Subversion of complement activation at the bacterial surface promotes
serum resistance and opsonophagocytosis of Francisella tularensis. J Leukoc Biol 84: 77-85. doi: 10.
1189/jb.0807526 PMID: 18430786

Schwartz JT, Barker JH, Long ME, Kaufman J, McCracken J, et al. (2012) Natural IgM mediates com-
plement-dependent uptake of Francisella tularensis by human neutrophils via complement receptors 1
and 3 in nonimmune serum. J Immunol 189: 3064-3077. doi: 10.4049/jimmunol.1200816 PMID:
22888138

Baumgarth N (2011) The double life of a B-1 cell: self-reactivity selects for protective effector functions.
Nat Rev Immunol 11: 34-46. doi: 10.1038/nri2901 PMID: 21151033

Cerutti A, Cols M, Puga | (2013) Marginal zone B cells: virtues of innate-like antibody-producing lym-
phocytes. Nat Rev Immunol 13: 118-132. doi: 10.1038/nri3383 PMID: 23348416

Cole LE, Yang Y, Elkins KL, Fernandez ET, Qureshi N, et al. (2009) Antigen-specific B-1a antibodies in-
duced by Francisella tularensis LPS provide long-term protection against F. tularensis LVS challenge.
Proc Natl Acad Sci U S A 106: 4343-4348. doi: 10.1073/pnas.0813411106 PMID: 19251656

PLOS Pathogens | DOI:10.1371/journal.ppat.1004706 March 13,2015 19/20


http://dx.doi.org/10.4049/jimmunol.1002154
http://www.ncbi.nlm.nih.gov/pubmed/20921527
http://dx.doi.org/10.4049/jimmunol.1001610
http://dx.doi.org/10.4049/jimmunol.1001610
http://www.ncbi.nlm.nih.gov/pubmed/20679532
http://dx.doi.org/10.1186/1471-2180-11-179
http://www.ncbi.nlm.nih.gov/pubmed/21819572
http://dx.doi.org/10.1111/j.1462-5822.2011.01643.x
http://www.ncbi.nlm.nih.gov/pubmed/21883803
http://dx.doi.org/10.1128/IAI.00991-12
http://www.ncbi.nlm.nih.gov/pubmed/23115038
http://www.ncbi.nlm.nih.gov/pubmed/9449707
http://www.ncbi.nlm.nih.gov/pubmed/7477296
http://www.ncbi.nlm.nih.gov/pubmed/2516219
http://www.ncbi.nlm.nih.gov/pubmed/1541823
http://www.ncbi.nlm.nih.gov/pubmed/15120157
http://www.ncbi.nlm.nih.gov/pubmed/15784575
http://www.ncbi.nlm.nih.gov/pubmed/9565638
http://www.ncbi.nlm.nih.gov/pubmed/12414765
http://dx.doi.org/10.1016/j.imlet.2009.06.003
http://www.ncbi.nlm.nih.gov/pubmed/19539648
http://dx.doi.org/10.1038/nri2849
http://www.ncbi.nlm.nih.gov/pubmed/20948548
http://www.ncbi.nlm.nih.gov/pubmed/8861038
http://dx.doi.org/10.1189/jlb.0807526
http://dx.doi.org/10.1189/jlb.0807526
http://www.ncbi.nlm.nih.gov/pubmed/18430786
http://dx.doi.org/10.4049/jimmunol.1200816
http://www.ncbi.nlm.nih.gov/pubmed/22888138
http://dx.doi.org/10.1038/nri2901
http://www.ncbi.nlm.nih.gov/pubmed/21151033
http://dx.doi.org/10.1038/nri3383
http://www.ncbi.nlm.nih.gov/pubmed/23348416
http://dx.doi.org/10.1073/pnas.0813411106
http://www.ncbi.nlm.nih.gov/pubmed/19251656

@’PLOS | PATHOGENS

IL-1B, Anti-LPS IgM, and B1a B Cells in Tularemia

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Broz P, Monack DM (2011) Molecular mechanisms of inflammasome activation during microbial infec-
tions. Immunol Rev 243: 174—-190. doi: 10.1111/1.1600-065X.2011.01041.x PMID: 21884176

Cowley SC, Elkins KL (2011) Immunity to Francisella. Front Microbiol 2: 26. doi: 10.3389/fmicb.2011.
00026 PMID: 21687418

Rhinehart-Jones TR, Fortier AH, Elkins KL (1994) Transfer of immunity against lethal murine Franci-
sella infection by specific antibody depends on host gamma interferon and T cells. Infect Immun 62:
3129-3137. PMID: 8039881

Fulop M, Mastroeni P, Green M, Titball RW (2001) Role of antibody to lipopolysaccharide in protection
against low- and high-virulence strains of Francisella tularensis. Vaccine 19: 4465-4472. PMID:
11483272

Kirimanjeswara GS, Golden JM, Bakshi CS, Metzger DW (2007) Prophylactic and therapeutic use of
antibodies for protection against respiratory infection with Francisella tularensis. J Immunol 179: 532—
539. PMID: 17579074

Lavine CL, Clinton SR, Angelova-Fischer I, Marion TN, Bina XR, et al. (2007) Immunization with heat-
killed Francisella tularensis LVS elicits protective antibody-mediated immunity. Eur J Immunol 37:
3007-3020. PMID: 17960662

Forestal CA, Malik M, Catlett SV, Savitt AG, Benach JL, et al. (2007) Francisella tularensis has a signifi-
cant extracellular phase in infected mice. J Infect Dis 196: 134—137. PMID: 17538893

Clay CD, Soni S, Gunn JS, Schlesinger LS (2008) Evasion of complement-mediated lysis and comple-
ment C3 deposition are regulated by Francisella tularensis lipopolysaccharide O antigen. J Immunol
181: 5568-5578. PMID: 18832715

Martin F, Oliver AM, Kearney JF (2001) Marginal zone and B1 B cells unite in the early response
against T-independent blood-borne particulate antigens. Immunity 14: 617-629. PMID: 11371363

Alugupalli KR, Gerstein RM, Chen J, Szomolanyi-Tsuda E, Woodland RT, et al. (2003) The resolution
of relapsing fever borreliosis requires IgM and is concurrent with expansion of B1b lymphocytes. J
Immunol 170: 3819-3827. PMID: 12646649

Haas KM, Poe JC, Steeber DA, Tedder TF (2005) B-1a and B-1b cells exhibit distinct developmental re-
quirements and have unique functional roles in innate and adaptive immunity to S. pneumoniae. Immu-
nity 23: 7—18. PMID: 16039575

Cole LE, Mann BJ, Shirey KA, Richard K, Yang Y, et al. (2011) Role of TLR signaling in Francisella
tularensis-LPS-induced, antibody-mediated protection against Francisella tularensis challenge. J Leu-
koc Biol 90: 787-797. doi: 10.1189/jlb.0111014 PMID: 21750122

Crane DD, Griffin AJ, Wehrly TD, Bosio CM (2013) B1a cells enhance susceptibility to infection with vir-
ulent Francisella tularensis via modulation of NK/NKT cell responses. J Immunol 190: 2756-2766. doi:
10.4049/jimmunol.1202697 PMID: 23378429

Nakae S, Asano M, Horai R, Iwakura Y (2001) Interleukin-1 beta, but not interleukin-1 alpha, is required
for T-cell-dependent antibody production. Immunology 104:402—409. PMID: 11899425

Schmitz N, Kurrer M, Bachmann MF, Kopf M (2005) Interleukin-1 is responsible for acute lung immuno-
pathology but increases survival of respiratory influenza virus infection. J Virol 79: 6441-6448. PMID:
15858027

Komai-Koma M, Gilchrist DS, McKenzie AN, Goodyear CS, Xu D, et al. (2011) IL-33 activates B1 cells
and exacerbates contact sensitivity. J Immunol 186: 2584—-2591. doi: 10.4049/jimmunol.1002103
PMID: 21239718

Nurieva RI, Chung Y, Martinez GJ, Yang XO, Tanaka S, et al. (2009) Bcl6 mediates the development of
T follicular helper cells. Science 325: 1001-1005. doi: 10.1126/science.1176676 PMID: 19628815

Malkiel S, Kuhlow CJ, Mena P, Benach JL (2009) The loss and gain of marginal zone and peritoneal B
cells is different in response to relapsing fever and Lyme disease Borrelia. J Immunol 182: 498-506.
PMID: 19109181

PLOS Pathogens | DOI:10.1371/journal.ppat.1004706 March 13,2015 20/20


http://dx.doi.org/10.1111/j.1600-065X.2011.01041.x
http://www.ncbi.nlm.nih.gov/pubmed/21884176
http://dx.doi.org/10.3389/fmicb.2011.00026
http://dx.doi.org/10.3389/fmicb.2011.00026
http://www.ncbi.nlm.nih.gov/pubmed/21687418
http://www.ncbi.nlm.nih.gov/pubmed/8039881
http://www.ncbi.nlm.nih.gov/pubmed/11483272
http://www.ncbi.nlm.nih.gov/pubmed/17579074
http://www.ncbi.nlm.nih.gov/pubmed/17960662
http://www.ncbi.nlm.nih.gov/pubmed/17538893
http://www.ncbi.nlm.nih.gov/pubmed/18832715
http://www.ncbi.nlm.nih.gov/pubmed/11371363
http://www.ncbi.nlm.nih.gov/pubmed/12646649
http://www.ncbi.nlm.nih.gov/pubmed/16039575
http://dx.doi.org/10.1189/jlb.0111014
http://www.ncbi.nlm.nih.gov/pubmed/21750122
http://dx.doi.org/10.4049/jimmunol.1202697
http://www.ncbi.nlm.nih.gov/pubmed/23378429
http://www.ncbi.nlm.nih.gov/pubmed/11899425
http://www.ncbi.nlm.nih.gov/pubmed/15858027
http://dx.doi.org/10.4049/jimmunol.1002103
http://www.ncbi.nlm.nih.gov/pubmed/21239718
http://dx.doi.org/10.1126/science.1176676
http://www.ncbi.nlm.nih.gov/pubmed/19628815
http://www.ncbi.nlm.nih.gov/pubmed/19109181


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


