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Jetection of pathogenic intestinal bacteria by Toll-|
11c* lamina propria cel

Satoshi Uematsu®’, Myoung Ho Jang®’, Nicolas Chevrier!, Zijin Guo?, Yutaro Kumagai!,
Masahiro Yamamoto!, Hiroki Kato!, Nagako Sougawa?, Hidenori Matsui®, Hirotaka Kuwata?, Hiroaki Hemmi!,
Cevayir Coban®, Taro Kawai® Ken J Ishii® Osamu Takeuchi'®, Masayuki Miyasakaz, Kiyoshi Takeda* &

Toll-like receptors (TLRs) recognize distinct microbial components and induce innate immune responses. TLR5 is triggered
by bacterial flagellin. Here we generated TIr57 mice and assessed TLR5 function in vivo. Unlike other TLRs, TLR5 was not

expressed on conventional dendritic ceils or macrophages. In contrast, TLR5 was expressed mainly on intestinal CD11c* lamina
propria cells (LPCs). CD11c* LPCs detected pathogenic bacteria and secreted proinflammatory cytokines in a TLR5-dependent
way. However, CD11c¢* LPCs do not express TLR4 and did not secrete proinflammatory cytokines after exposure to a commensal

intestinal lumen.

Toll-like receptors (TLRs) recognize a variety of pathogen-associated
molecular patterns and induce innate immune responses!. TLRs are
abundantly expressed on ‘professional” antigen-presenting cells such as
macrophages and dendritic cells (DCs) and serve as an important link
between the innate and adaptive immune responses. So far, 13 TLRs
have been identified in mammals. Among the TLR family members,
TLR5 was the first to be shown to recognize a protein ligand, bacterial
flagellin®, Bacterial flagellin is a structural protein that forms the main
portion of flagella, which promote bacterial chemotaxis and bacterial
adhesion to and invasion of host tissues®. Flagellin of Listeria mono-
cytogenes and Salmonella typhimurium stimulates TLR5 (ref. 4). Thus,
TLR5 recognizes flagellin from both Gram-positive and Gram-
negative bacteria. In vitro studies have shown that TLR5 recognizes
the conserved domain in flagellin monomers and triggers proinflam-
matory as well as adaptive immune responses®. In addition, TLRS5 is
expressed on the basolateral surface of intestinal epithelial cells and is
thought to be key in the recognition of invasive flagellated bacteria at
the mucosal surface®. When exposed to flagellin, human intestinal
epithelial cell lines produce chemokines that induce subsequent
migration of immature DCs®. There is high expression of TLR5 in
the human lung’, and a correlation between a common human TLR5
polymorphism and susceptibility to legionellosis has been identified®.

© 2006 Nature Publishing Group hitp://www.nature.com/natureimmunology

&

bacterium. Notably, transport of pathogenic Salmonella typhimurium from the intestinal tract to mesenteric lymph nodes was
impaired in TIr57~ mice. These data suggest that CD11c* LPCs, via TLR5, detect and are used by pathogenic bacteria in the

Although accumulating evidence suggests that TLRS is an important
sensor for flagellated pathogens, the in vivo function of TLRS is yet to
be elucidated.

Here we generated Tl5”'~ mice and examined the function of TLR5
in vivo in the intestine. We confirmed that flagellin is a natural ligand
for TLR5. Although it is known that in vivo administration of flagellin
induces inflammatory cytokine production, it remains unclear which
cell populations produce those cytokines. Because it is known that
there is high expression of TLR5 in the intestine, we first isolated and
examined intestinal epithelial cells (IECs). Unexpectedly, TLR5 expres-
sion in IECs was much lower than that in the whole intestine.
Consistent with that, IECs did not produce inflammatory cytokines
in response to flagellin. Using a new method for isolating intestinal
lamina propria cells (LPCs)®, we found that CD11c* LPCs “preferen-
tially’ expressed TLR5 and produced inflammatory cytokines after
exposure to flagellin. CD11c* LPCs sensed pathogenic flagellated
bacteria via TLR5 and induced inflammatory responses. In contrast,
CD1l1c* LPCs do not express TLR4 and did not produce proinflam-
matory cytokines in response to a commensal bacterium. Although
TLR5 initially induced host defenses against flagellated bacteria,
Tir57~ mice were resistant to oral S. typhimurium infection. The
transport of S. typhimurium from the intestinal tract to the mesenteric
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Figure 1 Macrophages and conventional DCs are hyporesponsive to fiagellin. {a) Enzyme-linked immunosorbent assay of [L-6 production by splenic CD11b*
and CD11c* cells, GM-DCs and peritoneal macrophages (PECs) from C57BL/6 mice. Cells were cultured with medium only (Med), flagellin (1 pg/ml) or LPS
(100 ng/ml). (b,c) Quantitative real-time PCR of TIr5 and Tir4 expression in various cell types (b) or organs (c) of C57BL/6 mice. Data are mean + s.d. of

triplicate samples from one representative of three independent experiments.

lymph nodes (MLNs) was impaired in TIr57 mice. These results

suggest that TLR5TCD11c* LPCs detect and can be used by patho-
genic bacteria in the intestine.

RESULTS

Flagellin is a natural ligand for TLR5

To elucidate the physiological function of TLRS5, we generated TIr5"~
mice by gene targeting. Mouse TIr5 consists of one exon. We
constructed the targeting vector to allow insertion of a neomycin-
resistance gene cassette into that exon (Supplementary Fig. 1). We
microinjected two correctly targeted embryonic stem clones into
C57BL/6 blastcysts to generate chimeric mice. We crossed chimeric
male mice with C57BL/6 female mice and monitored transmission of
the mutated allele by Southern blot analysis (Supplementary Fig. 1).
We then interbred heterozygous mice to produce offspring carrying
the null mutation of Tlr5. TIr57'~ mice were born at the expected
mendelian ratio and showed no developmental abnormalities. To
confirm the disruption of TIr5, we analyzed total intestinal RNA
from TIr5%* and TIr57~ mice by RNA blot and detected no Tir5
transcripts in TIr5™~ intestinal RNA (Supplementary Fig. 1).

To assess the involvement of TLR5 in the systemic production of
proinflammatory cytokines in response to flagellin, we measured the
oncentrations of interleukin 6 (IL-6) and IL-12p40 in sera of Tlr5*/*
and TIr57~ mice at various time points after intraperitoneal injection
of purified flagellin. Although IL-6 and IL-12p40 concentrations in the
serum increased within 2 h of injection in TI5"* mice, their
concentrations remained low even at 4 h after injection in Th5~
mice (Supplementary Fig. 1). These results confirmed that flagellin is
a natural ligand for TLRS.

Immune cell responses o flagellin

We next analyzed flagellin-mediated immune responses in macro-
phages and conventional DCs. We isolated CD11b* or CDilc*
splenocytes, peritoneal macrophages and granulocyte-macrophage
colony stimulating factor-induced bone marrow—derived DCs (GM-
DCs) from TIr5** mice, stimulated these cells with flagellin or the

Figure 2 Gene expression induced by flagellin stimulation in I[ECs. Microarray
analysis of IECs from TIr5** and TIr57~ mice stimulated with medium

alone (=) or 1 pg/ml of flagellin (+). *, genes judged as being statistically
undetectable at all time points. There is flagellin-induced expression of the
genes encoding defensin-B3 (Defb3), CD86 (Cd86), killer cell lectin-like
receptor subfamily A member 6 (Kira6), complement component 8a (C8a)
and chemokine (C-C motif) ligand 27 (Ccl27) in Tir5** but not TIr5* 1ECs.
Data are representative of three independent experiments.

NATURE IMMUNOLOGY VOLUME 7 NUMBER 8 AUGUST 2006

TLR4 ligand lipopolysaccharide (LPS) and measured IL-6 concentra-
tions in cell culture supernatants (Fig. 1a). All cell types produced IL-6
after stimulation with LPS, but IL-6 production was not induced by
stimulation with flagellin. In agreement with those results, splenocytes,
peritoneal macrophages and GM-DCs had high expression of Tlr4 but
not TIr5 mRNA, as determined by quantitative real-time PCR
(Fig. 1b). To identify the tissues involved in flagellin-induced produc-
tion of proinflammatory cytokines, we measured Tir5 mRNA in the
spleen, liver, kidney, heart, lung and intestine by quantitative real-time
PCR and found that intestine had the highest expression of Tir5
mRNA (Fig. 1c).

TLRS5 expression is confined to the basolateral surface of IECs?. To
examine TLR5-mediated inflammatory responses in IECs, we isolated
IECs from Tl5*'* and TIr5”'~ mice, stimulated them with flagellin and
used cDNA microarray to examine the profile of genes induced by
TLR5 stimulation (Fig. 2). It has been reported that flagellin induces
expression of genes encoding some chemokines (such as IL-8 and
CCL20) in human IEC lines®!®, Our analyses showed flagellin-
induced expression of some genes encoding proteins involved in
immune responses, such as defensin-B3, CD86, killer cell lectin-like
receptor subfamily A member 6, complement component 8o and
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(Flagellin}

{Fiagellin}
| Ct

831440E17Rik
swimé

{Flagellin}
- HUEN

869

247



© 2006 Nature Publishing Group htip:/lwww.nature.com/natureimmunology

.. CD11c* PPCs had less Tlr5 mRNA than did
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Relative expression

Figure 2 TLR5 is highly expressed on CD11c* LPCs. (a) Quantitative real-time PCR of 7Ir5 expression by the intestine (far left) and by various cell types of
C57BL/6 mice. IEL, intestinal epithelial lymphocyte. Data are mean = s.d. of triplicate samples from one representative of three independent experiments.
(b-d) Confocal microscopy of frozen tissue sections of small intestine (b,c) and Peyer's patch (d) of C57BL/6 mice, fixed and stained with antibodies specific
for CD11c (red) and TLR5 (green). Image in ¢ is an enlargement of the boxed area in b. Original magnification x400 (b,d) and x 1,000 (c). Data are from

one of three representative experiments.

chemokine (C-C motif) ligand 27 in TIr57/* but not Tlr5 IECs.
However, most genes encoding chemokines were not induced by
flagellin, even in TI5Y* IECs, and flagellin did not induce the
expression of any genes encoding proinflammatory cytokines in
TIr5*+ IECs. We confirmed that Tlr5** IECs did not produce
proinflammatory cytokine protein after flagellin stimulation (data
not shown). There was much less Tlr5 mRNA in IECs than in the
entire small intestine (Fig. 3a).

Because TLRS expression was low in IECs but high in the entire
small intestine, we hypothesized that TLR5 must be ‘preferentially’
expressed in other intestinal cell types. We measured Tlr5 mRNA in
Peyer’s patch cells (PPCs), intestinal epithelial lymphocytes and LPCs
(Fig. 3a). There was high expression of Tlr5 mRNA in LPCs, but Tlr5
mRNA expression in intestinal epithelial lymphocytes and PPCs was
lower than that in the entire small intestine. DCs are a dominant
antigen-presenting cell in the lamina propria of mouse small bowel!!,
Therefore, we separated CD11c* cells from LPCs and PPCs and
measured expression of TIr5 mRNA. We
detected considerable TIr5 mRNA in
CDllct LPCs but not CDllc LPCs.

Dilct LPCs. Next we examined the locali-
zation of TLR5 protein in the small intestine
by immunohistochemistry. In agreement with
the mRNA expression data, there was high
expression of TLR5 on intestinal CD1lc*
LPCs (Fig. 3b,c) but not on PPCs (Fig. 3d).
Thus, TLR5 is expressed specifically on
CD11c* LPCs in the small intestine.

Next we assessed the effect of flagellin
stimulation on CD11ct LPCs. TIr5%F but
not Tir57~ CD1lct LPCs produced IL-6
and IL-12p40 in response to flagellin
(Fig. 4, top). However, CD11c* LPCs did
not produce large amounts of tumor
necrosis factor after stimulation with flagellin
and failed to produce any cytokines after
LPS stimulation.

Antigen-presenting cells in Peyer’s patches
have been extensively characterized'?. Peyer’s
patches contain unusual subsets of DCs that
are important in the generation of regulatory
T cells and the induction of oral toler-
ance!®!?, These Peyer’s patch DCs produce

TNF {pg/mi)

504

40+

TNF (pg/ml}

870

IL-10 in response to inflammatory stimulations such as LPS!4
Consistent with their low expression of Ti5 mRNA (Fig. 3a),
CD11c* PPCs did not produce inflammatory cytokines after stimula-
tion with flagellin (Fig. 4, bottom). However, CD11c* PPCs produced
1L-6 and IL-10 in response to LPS. In contrast, neither TIr5** nor
TIr5~~ CD11c*™ LPCs produced IL-10 in response to flagellin, suggest-
ing that in CD11c* LPCs, TLRS signaling induces inflammatory
responses but not tolerance (Fig. 4).

To comprehensively examine TLRS5-mediated innate immune
responses in the small intestine, we obtained RNA from Tlr5** and
Tlr57~ LPCs stimulated for 4 h with flagellin and hybridized the RNA
to cDNA microarrays (Fig. 5). Several transcripts were substantially
upregulated at 4 h after flagellin stimulation in T/#5** but not Th57~
LPCs. These included genes encoding proinflammatory molecules
such as cytokines, cytokine receptors, chemokines, signaling mole-
cules, prostanoids, prostanoid synthetase and secretary antimicrobial
peptides (Fig. 5, top). Genes associated with cellular adhesion,
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Figure 4 TLR5-mediated CD11c* LPC cytokine production. Enzyme-linked immunosorbent assay of
cytokine production by CD11c* LPCs (top) and PPCs (bottom) from T/r5** and TIr57~ mice. Cells
were cultured with medium only, flagellin (1 pg/ml) or LPS (100 ng/mi). Data are mean = s.d. of
triplicate samples from one representative of three independent experiments.
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cytoskeletal organization, intracellular transport, vesicle fusion and
transcription were also upregulated by flagellin stimulation (Fig. 5,
middle). In contrast, interferon and interferon-inducible genes were
not induced in response to flagellin in either TIr5** or Tlr5~~ LPCs
(Fig. 5, bottom).

CD11c* LPCs detect pathogenic bacteria via TLR5

CD11c* LPCs produced IL-6 and IL-12p40 in response to flagellin but
not LPS stimulation. CD11¢* LPCs produced similar amounts of IL-6
when stimulated through TLR2 or TLR9 (Supplementary Fig. 2
online), suggesting that LPS signaling is suppressed specifically in
CD1ic* LPCs. Therefore, we measured TLR4 and TLR5 in CD11c?

NATURE IMMUNOLOGY VOLUME 7 NUMBER 8 AUGUST 2006
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Figure 5 Flagellin-induced gene expression in CD11c¢* LPCs. Microarray
analysis of CD11c* LPCs from Tir5** and Tir57 mice left unstimulated (<)
or stimulated with 1 pg/ml of flagellin (+). Upregulated genes encode
cytokines (116, 111f5, 111f9, 111b, Ebi3 and [ltifb), cytokine receptors
(Tnfrsf5, 111r1 and l12ra), chemokines (CkIf and Ccl4), signaling molecules
(Traf6 and gpl30), prostanoids (Plala and PlaZg2d), prostanoid synthetase
(Cox2) and secretary antimicrobial peptides (Hamp, Lcn and Gzmb; top),
as well as molecules associated with cellular adhesion, cytoskeletal
organization, intracellular transport, vesicle fusion and transcription
(middle). Data are representative of three independent experiments.

LPCs and CD11c" splenic cells (SPCs; Fig. 6a). Tlr4 expression was
high and Tlr5 expression was low in CD11c* SPCs. In contrast, Tlr4
expression was low and TIr5 expression was high in CD11c* LPCs.

As CD11c¢*" LPCs and SPCs had different expression profiles for
TLR4 and TLRS, we assessed their responses to commensal and
pathogenic bacteria. We isolated CD11c* LPCs and CD11ct SPCs
from wild-type, Tlr47~ and TIr57~ mice and measured 1L-6 produc-
tion induced by stimulation with heat-killed commensal Gram-
negative bacteria (Enterobacter cloacae) and pathogenic Gram-negative
bacteria (S. typhimurium; Fig. 6b). Wild type and Tir5~~ CDI1lct
SPCs produced copious IL-6 in response to both E. cloacae and
S. typhimurium. However, Tlr4”7~ CD11c* SPCs produced less I1L-6
than did wild-type or Th57/~ CD11c* SPCs, suggesting that CD11c*
SPCs induce innate immune responses to Gram-negative bacteria
mainly via TLR4. Wild-type and TIr47~ CD1lic* LPCs produced
copious IL-6 in response to S. typhimurium. In contrast, Th57/~
CD11c* LPCs produced little IL-6 after stimulation with S. typhimur-
ium. We further assessed the response of CD11c* LPCs with a mutant
strain of S. typhimurium that lacks the fliA gene and therefore does not
produce flagella’>. Wild-type and Tl57~ CD11c* LPCs were hypor-
esponsive to this flid mutant (compared with their response to wild-
type S. typhimurium), suggesting that CD11c* LPCs induce immune
responses after recognizing flagellin of S. typhimurium. Unlike wild-
type CD11c* SPCs, wild-type CD11c* LPCs produced a relatively
small amount of IL-6 after stimulation with E. cloacae. These data
suggest that CD11c™ LPCs detect pathogenic flagellated bacteria and
induce innate immune responses via TLR5.

S. typhimurium uses TLR5 for systemic infection

To investigate whether TLR5 has a specific function in fighting
bacterial infection in the intestine, we orally infected TIr5** and
Tir57~ mice with S. typhimurium. Unexpectedly, when assessed on a
mixed genetic background (C56BL/6 x 129Sv, F2), all TIr57~ mice
survived a dose of S. typhymurium that was lethal for Tlr5** mice
(Fig. 7a, left). Next we assessed the resistance of Tlr5~~ mice back-
crossed onto the C57BL/6 genetic background. Although wild-type
C57BL/6 mice are resistant to oral S. typhymurium infection, Tlr57/~
C57BL/6 mice background were significantly more resistant, even at
an extremely high dose (5 x 108 bacteria; Fig. 7a, right). These results
indicate that Tlr57~ mice were resistant regardless of their genetic
background. When we challenged mice with S. typhimurium by
intraperitoneal injection, we noted no significant difference in the
survival of Thr5** and Th5"™ mice (Fig. 7b). Furthermore, we
recovered fewer bacteria from the livers and spleens of TIr5~ mice
than TIr5%* mice 4 d after oral infection (Fig. 7¢c). At 48 h after oral
infection, TIr5** and TIr57~ mice had the same number of
S. typhimurium in Peyer’s patches and LPCs. However, TIr57~ mice
had fewer bacteria in MLNs than did Tir5** mice (Fig. 7d). In
addition, the proportion of S. typhimurium-laden CD1lct cells in
MLNs of TIr57" mice was smaller than that in TIr5™* mice (Supple-
mentary Fig. 3 online). To further determine whether the transport
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Figure 6 CD11c* LPCs detect pathogenic bacteria via TLR5. (a) Quantitative real-time PCR of Tir5 and Tir4 expression in CD11c* SPCs and CD11c* LPCs
of C57BU6 mice. Actb encodes B-actin (loading control). Graphed data are mean = s.d. of triplicate samples from one representative of three independent
experiments. (b) Enzyme-linked immunosorbent assay of cytokine production by CD11c* SPCs and CD11lc* LPCs from wild-type (WT), Tird~~ and TIr57-
mice, cultured with medium along (Med) or various stimuli (horizontal axes). AfliA, mutant strain lacking f/iA. Data are mean = s.d. of triplicate samples

from one representative of three independent experiments.

of S. typhimurium from intestinal tract to MLNs was impaired
in Tlr57~ mice, we challenged TIr5"* and TIr57~ mice in a surgi-
cally isolated intestinal loop with S. typhimurium expressing green
fluorescent protein (Supplementary Fig. 4 online). We collected MLN's
24 h after infection. Staining showed that TIr57~ mice had fewer
S. typhimurium-laden CD11c* cells (one to two cells per longitudinal
slice of MLN) than did TIr5%/* mice (about ten cells per longitudinal
slice of MLN). Furthermore, no cells except CD11c* cells contained
S. typhimurium in the infected MLNs. Thus, the impairment of trans-
port of S. typhimurium from the intestinal tract to MLNs may lead to a
delay in the establishment of systemic infection in TIr57~ mice.

DISCUSSION

Although TLRS5 has been identified as a receptor of flagellin in vitro, its
in vivo function has remained unclear. Addressing the function of
TLRS5 in innate immunity has been difficult, because unlike other TLR
family members, TLR5 is not expressed in mouse spleen cells,
eritoneal macrophages or GM-DCs. Using a new method of isolating
PCs with high viability?, we found that TLRS is specifically expressed
on CD11c* LPCs in mouse intestine. Although it has long been known
that DCs are present in the lamina propria under the villus epithelium
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Figure 7 S. typhimurium uses TLR5 for systemic infection. (a) Survival of Tir5** mice

(n = 5) and TIr57 mice (n = 5) on a C57BL/6 x 129/Sv background (left) or a

C57BL/6 background (right) after oral infection with 1 x 107 (left) or 5 x 108 (right)

S. typhimurium. P < 0.001, Tir5*"* versus Tir57 (generalized Wilcoxon test). (b) Survival
of TIr5** mice (n = 5) and TIr5% mice (n = 5) on a C57BL/6 background after
intraperitoneal infection with 1 x 108 S. fyphimurium. P = 0.267, TIr5*'+ versus

Tir57. (c) Bacterial burden in the spleens and livers of TIr5** mice (n = 3) and TIr57-

Survival (%)

mice (n = 3) on a C57BL/6 background 96 h after oral infection with 5 x 108
S. typhimurium. (d) Bacterial burden in the MLNs, PPCs and LPCs of TIr5%* mice (n = 5) and T/r5% mice (n = 5) on C57BL/6 background 48 h after oral
infection with 5 x 108 S. typhimurium. CFU, colony-forming units. Data are one representative of three independent experiments (a,b) or are mean = s.d.
of triplicate samples from one representative of three independent experiments (c,d).
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and take up antigens from the intestine!$, their functions and proper-
ties in the intestine were unknown. CD11c* LPCs elicited the secretion
of various mediators, including inflammatory cytokines, chemokines,
antimicrobial peptides and tissue remodeling kinases, in response to
flagellin. Thus, we have shown here that immune responses are
induced in CD11ct LPCs via TLRS.

Two points regarding the function of CD11c* LPCs in relation to
TLRS5 came to light as a result of our analyses. One was the cytokine
profile of CD11¢* LPCs stimulated with flagellin. The gut is con-
tinuously exposed to food antigens and many commensal bacteria.
Tolerance to beneficial antigens seems to be controlled by mucosal
DCs". These DCs stimulate the activity of regulatory T cells, which
are potent suppressors of T cell responses. A CD11c°CD45RBM DC
subset that produces IL-10 has been shown to specifically promote
suppressive functions in regulatory T cells!4. Peyer’s patches contain
DCs that produce IL-10 after inflammatory stimulation and thereby
promote oral tolerance!?!3, Whereas CD11ct PPCs induced IL-10 in
response to LPS, flagellin-stimulated CD11c* LPCs did not produce
IL-10, but instead produced IL-6 and IL-12, suggesting that CD11c*
LPCs have a tendency to induce inflammatory responses rather than
tolerance when stimulated with flagellin. However, it has been
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reported that DCs in the lamina propria are involved in oral tolerance
induction!®1®. Further study will help elucidate CD1lc* LPC-
mediated regulation of tolerance and host defense.

The second notable point was that TLR4 expression was very low in
CD11c* LPCs. Most commensal bacteria in intestine are Gram-
negative anaerobic rod bacteria, which contain LPS in their cell wall.
It has been shown that CD11¢* LPCs extend their dendrites to sample
bacteria in the intestinal lumen®®. Although the mechanism of
bacterial sampling by CD11c* LPCs was fully analyzed, it has
remained unclear how host intestinal mucosa remains tolerant to
commensal bacteria and discriminates between commensal and
pathogenic bacteria. Low expression of TLR4 may allow CD1lc*
LPCs to avoid inducing inappropriate immune responses after expo-
sure to commensal bacteria. Instead, CD11c* LPCs induced inflam-
matory responses after exposure to pathogenic flagellated bacteria
mainly via TLR5. Some commensal bacteria also have flagella, but
CD1lct LPCs did not respond vigorously to those bacteria. In
addition, it has been reported that some commensal bacteria, such
as o~ and e-proteobacteria, change the TLR5-recognition site of
flagellin without losing flagellar motility?’. Furthermore, some com-
mensal bacteria suppress flagellin expression in stable host environ-
ments'2. Therefore, unlike pathogenic bacteria, commensal bacteria
may have mechanisms to escape TLR5-mediated host detection.

Other TLR family members, such as TLR2 and TLR4, also recognize
bacterial components. The importance of TLR2 and TLR4 in host
defense against various bacteria has been demonstrated with Tlr2™/~
mice and Tlr4~'~ mice. In particular, C3H/HeJ mice, which express a
mutant form of TLR4, are highly susceptible to intraperitoneal
infection by S. typhimurium'. Because TLR5 is highly expressed
exclusively in the intestine, we predicted that no there would be no
substantial difference in the survival of Tlr5*/* and TIr5~~ mice after
intraperitoneal infection. Instead, we predicted that disruption of Tir5
would render mice more susceptible to oral S. typhimurium infection,
because stimulation of TLR5 induced the production of proinflam-
matory cytokines in CD11c* LPCs. The resistance of TIr5”~ mice to
oral . typhimurium infection was unexpected. TIr57~ mice survived
longer than TIr5™/* mice because of impaired transport of S. typhi-
murium from the intestinal tract to the liver and spleen. We believe
at this unexpected result is closely related to specific pathogenesis of
salomonella. Most reports have indicated that S. typhimurium are
captured by subepithelial DCs after transport through M cells in
Peyer’s patches?? or by intraepithelial DCs that send protrusions into
the lumen of the small intestine?. After being internalized,
S. typhimurium actively modulates host vesicular trafficking pathways
to avoid delivery to lysosomes and to establish a specialized replicative
niche?. Bacteria-laden DCs undergo maturation and migrate to T cell
zones of Peyer’s patches or draining MLNs'2. These mature DCs are
also thought to be responsible for the dissemination of S. typhimurium
through the bloodstream to the liver and spleen'>?>. The uptake of
S. typhimurium in Peyers patches and LPCs was the same in TIr5*+
and Tlr5~~ mice. Furthermore, the uptake of S. typhimurium was the
same in Tlr5** and Th5~ CD11ct LPCs in vitro (data not shown).
However, there were many fewer bacteria in MLNs of TIr57~ mice
than in TK57* mice, suggesting that the transport of
S. typhimurium from lamina propria to MLNs was impaired. As
S. typhimurium could not fully activate and mature Tlr57~ CD11ct
LPCs, migration of S. typhimurium-laden CD11c™ LPCs from the
periphery to circulation may be inefficient in TIr5”~ mice. In support
of that idea, there were many fewer S. typhimurium-laden CD11c*
cells in TIr57" mice than in Tr5*/* mice after infection. Although
TLR5 on CD11ct LPCs initially sense flagellated pathogenic bacteria
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to induce host defense, facultative intracellular pathogens such as
S. typhimurium may use CDllct LPCs as carriers for systemic
infection. Further study will be needed to clarify the mechanism of
systemic S. typhimurium infection, through the generation of a specific
marker for CD11c* LPCs or a technique to specifically effect depletion
of these cells. Finally, our work is likely to open new therapeutic
perspectives. New methods that target TLR5 on CD11c* LPCs would
be useful for mucosal adjuvant immune therapies.

METHODS

Mice, reagents and bacteria. C57BL/6 mice were purchased from CLEA Japan.
Tir4™~ mice have been described®®. Tl57 mice are described in the Supple-
mentary Methods online. All animal experiments were done with an experi-
mental protocol approved by the Ethics Review Committee for Animal
Experimentation of Research Institute for Microbial Diseases at Osaka Uni-
versity (Osaka, Japan). LPS from Salmonella minnesota Re595 was prepared
with a phenol—chloroform-petroleum ether extraction procedure and purified
flagellin was a gift from A. Aderem (Institute for Systems Biology, Seattle,
Washington). Salmonella enteritica serovar typhimurium SR-11 x3181 and
%3181 fliA=Tnl0 bacteria were provided by the Kitasato Institute for Life
Science (Kitasato, Japan)'>?7, E. cloacae was isolated from a healthy human
volunteer and was identified by The Research Foundation for Microbial
Diseases of Osaka University.

Cells. The preparation of GM-DCs and peritoneal macrophages has been
described®®. For the preparation of splenic macrophages and DCs, spleens
were cut into small fragments and were incubated for 20 min at 37 °C with
RPMI 1640 medium containing 400 U/ml of collagenase (Wako) and 15 pg/ml
of DNase (Sigma). For the last 5 min, 5 mM EDTA was added. Single-cell
suspensions were prepared after red blood cell lysis, and macrophages and
DCs were positively selected with microbeads coated with antibody to CD11b
(anti-CD11b) and anti-CD11 (Miltenyi), respectively. Intestinal lymphocytes
and epithelial cells were isolated by a published protocol’. CD1ic™ cells
from small intestine lamina propria and Peyer’s patches were isolated by a
published protocol®.

Measurement of proinflammatory cytokines. GM-DCs, peritoneal macro-
phages, CD11b* splenocytes, CD11ct splenocytes and CDllct LPCs were
cultured in 96-well plates (5 x 10 cells/well) with LPS (100 ng/ml) or flagellin
(1 pg/ml). The concentrations of tumor necrosis factor, IL-6, IL-12p40 and
IL-10 in culture supernatants were measured by the Bio-Plex system (Bio-Rad)
following the manufacturer’s instructions.

PCR. RNA (1 pg) was reverse-transcribed with Superscript2 (Invitrogen)
according to the manufacturer’s instructions with random hexamers as
primers. PCR used the primer pairs in Supplementary Table 1 online and
Taq polymerase (Takara Shuzo). After being incubated at 95 °C for 10 min,
products were amplified by 25 cycles of 97 °C (30 s), 57 °C (30 s) and 72 °C
(30 s). Products were analyzed by agarose gel electrophoresis. Quantitative real-
time PCR was done with a final volume of 25 pl containing cDNA amplified as
described above, 2x PCR Master Mix (Applied Biosystems) and primers for 18S
rRNA (Applied Biosystems) as an internal control or primers specific for Tlr4
or Tir5 (Assay on Demand), using a 7700 Sequence Detector (Applied
Biosystems). After being incubated at 95 °C for 10 min, products were
amplified by 35 cycles of 95 °C (15 s), 60 °C (60 s) and 50 °C (120 s).

Microarray analysis. IECs and LPCs collected from TIr5%/* and Tir5' mice
were left untreated or were treated for 4 h with flagellin (1 pg/mi). Total RNA
was extracted with an RNeasy kit (Qiagen) and was purified with an Oligotex
mRNA Kit (Pharmacia). Fragmented and biotin-labeled cDNA was synthesized
from 100 ng purified mRNA with the Ovation Biotin System (Nugen)
according to the manufacturer’s protocol. The ¢DNA was hybridized to
Affymetrix Murine Genome 430 2.0 microarray chips (Affymetrix) according
to the manufacturer’s instructions. Hybridized chips were stained and washed
and were scanned with a GeneArray Scanner (Affymetrix). Microarray Suite
software (Version 5.0, Affymetrix) and GeneSpring software (Silicon Genetics)
were used for data analysis. )
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TLR-Dependent Induction of IFN-B Mediates Host Defense
against Trypanosoma cruzi'

ale

Ritsuko Koga,* Shinjiro Hamano,” Hirotaka Kuwata,* Koji Atarashi,* Masahire Ogawa,*
Hajime Hisaeda,” Masahiro Yamamoto,* Shizuo Akira,* Kunisuke Himeno,’
Makoto Matsumoto,* and Kiyoshi Takeda®*

Host resistance to the intracellular protozoan parasite Trypanosoma cruzi depends on IFN-v production by T cells and NK cells.
However, the involvement of innate immunity in host resistance to T. cruzi remains unclear. In the present study, we investigated
host defense against 7. cruzi by focusing on innate immunity. Macrophages and dendritic cells (DCs) from MyD8§™/~TRIF ™/~
mice, in which TIL.R-dependent activation of innate immunity was abelished, were defective in the clearance of 7. cruzi and showed
impaired induction of IFN-8 during T. cruzi infection. Neutralization of IFN-8 in MyD88™/™ macrophages led to enhanced 7. cruzi
growth. Cells from MyD88™/"IFNARI1 ™" mice alse showed impaired 7. eruzi clearance. Furthermore, both MyD88~/~TRIF~/~
and MyD88™/~IFNARI™'" mice were highly susceptible to in vive 7. cruz infection, highlighting the involvement of innate
immune responses in 7. cruzi infection. We further analyzed the molecular mechanisms for the IFN-S-mediated antitrypanosomal
innate immune responses. MyD88 ™~ TRIF™/~ and MyD88™/"IFNARI1™/~ macrophages and DCs exhibited defective induction of
the GTPase IFN-inducible p47 (IRG47) after T. cruzi infection. RNA interference-mediated reduction of IRG47 expression in
MyD88™"" macrophages resulted in increased intracellular growth of 7. cruzi. These findings suggest that TLR-dependent ex-
pression of IFN-B is involved in resistance to T. cruzi infection through the induction of IRG47. The jJournal of Immunology, 2066,

177: 7059-7066.

1 he parasite Trypanosoma cruzi is an intracellular proto-
zoan that causes Chagas’ disease, a chronic systemic dis-
order affecting nearly 20 million people in Central and
South America. Host defense against 7. cruzi depends on a variety
of cell populations, including NK, CD4™ T cells, CD8™ T cells,
and Ig-producing B cells (1-3). In addition, macrophages and den-
dritic cells (DCs)® produce proinflammatory cytokines, such as
IL-12, in response to invasion by T. cruzi (4—6). IL-12 induces
IFN-v production by NK, CD4™ T cells, and CD8* T cells. In
turn, IFN-v induces NO production by macrophages and mediates
the killing of 7. cruzi (7, 8). This cytokine milieu is therefore
responsible for host resistance to 7. cruzi infection in vivo. However,
it remains uncertain how innate immune cells, such as macrophages
and DCs, mediate T. cruzi-induced immune responses during the
early phase of infection. In addition, 7. cruzi infection induces the
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production of type I IFNs (3 IFN), which possess antiviral activities
(9, 10). However, the nature of the involvement of type 1 IFNs in
response to 7. cruzi infection remains controversial (11).

A family of TLRs has been identified that recognize specific
components of various microorganisms, including bacteria, vi-
ruses, fungi, and protozoan parasites (12). Recognition of micro-
bial components by TLRs triggers the activation of innate immu-
nity and the subsequent development of Ag-specific adaptive
immunity. TLR-mediated signaling pathways originate from the
cytoplasmic Toll/IL-1R (TIR) domains, which are conserved
among all family members. A group of TIR domain-containing
adaptors (MyD88, Toll/IL-1R domain-containing adaptor protein,
TIR domain-containing adaptor-inducing IFN-B8 (TRIF), and
TRIF-related adaptor molecule) have been shown to be integral to
these TLR signaling pathways (13). The TLR signaling pathways
consist of two cascades: a MyD88-dependent pathway and a TRIF-
dependent (MyD88-independent) pathway. The MyD88-depen-
dent pathway mediates all TLR-induced productions of proinflam-
matory cytokines, including IL-12p40, whereas the TRIF-
dependent pathway is indispensable for the induction of type I
IFNs through TLR3 and TLR4.

Previous studies have analyzed the involvement of TLR-depen-
dent activation of innate immunity in 7. cruzi infection. TLR2,
TLR4, and TLRY have been implicated in the recognition of T.
cruzi-derived components (6, 14-16), whereas mice lacking
MyD88 were found to be susceptible to the acute phase of T. cruzi
infection accompanied by defective proinflammatory cytokine pro-
duction (17). However, even in MyD88-deficient mice, significant
IFN-y production was still observed, indicating the presence of
MyD88-independent immune responses. Thus, the nature of the
involvement of innate immunity in 7. cruzi infection still remains
to be precisely characterized.

In the present study, we analyzed the involvement of innate
immune cells in 7. cruzi infection using mice lacking both
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MyD88 and TRIF, in which all of the previously described
TLR-mediated activation mechanisms of innate immunity are
totally abolished.

Materials and Methods
Mice

MyD887'~ and TRIF™/~ mice were generated as previously described
(18, 19). Type 1 IFN receptor (IFNAR1)™/~ mice were purchased from
B & K Universal (20). Each mouse strain was backcrossed to C57BL/6
for at least five generations, and then used to generate double-mutant
mice. MyD88™/"TRIF™/~ mice were generated by crossing MyD88™"~
TRIF*™ mice. Littermate wild-type (WT) (MyD88¥/~TRIF*™/™),
MyD88™'~ (MyD88™/~TRIF*/7), and TRIF™~ (MyD88"~TRIF™")
mice were used for the experiments. MyD88™/"IFNAR1™/™ mice were
gencrated by crossing MyD88*/TIFNART*'™ mice, and used for the
experiments at 8—10 wk of age. All animal experiments were conducted
in accordance with the guidelines of the Animal Care and Use Com-
mittee of Kyushu University.

Preparation of macrophages and DCs

To isolate peritoneal macrophages, mice were i.p. injected with 2 ml of
4% thioglycolate medium (Sigma-Aldrich), and peritoneal exudate cells
were isolated from the peritoneal cavity at 3 days postinjection. The
cells were incubated for 2 h and washed three times with HBSS. The
remaining adherent cells were used as peritoneal macrophages in ex-
periments. To prepare bone marrow-derived DCs or macrophages, bone
marrow cells were prepared from the femur and tibia, passed through a
nylon mesh and cultured in RPMI 1640 medium supplemented with
10% FBS, 100 mM 2-ME, and 10 ng/ml GM-CSF (PeproTech) or 30%
L cell culture supernatant. After 6 days, the cells were used as DCs or
macrophages in experiments.

Parasites and experimental infection

The 7. cruzi Tulahuén strain was maintained in vivo in IFN-yR ™~ mice by
passages every other week (21). For in vitro experiments, macrophages or
DCs (5 X 10% were infected with 5 X 10" trypomastigotes. After 6 h of
infection, the cells were washed twice with PBS to remove the extracellular
parasites and cultured in RPMI 1640 supplemented with 10% FBS for the
indicated time periods. Trypomastigotes in the culture supernatants were
counted microscopically. Alternatively, the cells were pulsed with [ uCi of
[*H]uracil and cultured for 72 h. The cells were then harvested on glass
fiber filters and the incorporated uracil was measured using a liquid scin-
tillation counter. The net cpm was calculated by subtracting the back-
ground cpm in uninfected cultures from the cpm of the infected cultures. In
some experiments, macrophages were infected with 7. cruzi in the absence
or presence of 10 ng/ml of an anti-IFN-f neutralizing Ab (YAMASA) for
6 h, washed and then further cultured with or without the anti-IFN-8 Ab.

In other experiments, extracellular parasites were removed by repeated
washing after 6h of infection, and the cells were incubated for a further
48 h. Subsequently, the cells were washed, fixed and stained using a Diff-
Quik kit (Sysmex). The intracellular parasite numbers in 250 macrophages
were counted under a light microscope. Counting was performed in a
blinded manner by two independent investigators.

For in vivo experiments, mice were i.p. injected with plasma containing
2 X 10% or | X 10* trypomastigotes as indicated. The number of parasites
in the blood of each animal was then counted microscopically using 5 ul
of blood taken from the tail. Statistical significance was determined using
a paired Student’s 7 test. Differences were considered to be statistically
significant at p < 0.05.

Measurement of cytokine production

Peritoneal macrophages or DCs (5 X 10%) were infected with 5 X 10* 7
cruzi for 6 h, extensively washed and cultured for 24 h. The culture su-
pernatants were collected and analyzed for their levels of TNF-a by ELISA
(Genzyme Techne) and NO using the Griess reagent (Dojindo
~Laboratories).

Quantitative real-time RT-PCR

Total RNA was isolated with an RNeasy mini kit (Qiagen), and 2 pg of the
RNA was reverse-transcribed using M-MLV reverse transcriptase (Pro-
mega) and oligo(dT) primers (Toyobo) after treatment with RQ1 DNase 1
(Promega). Quantitative real-time PCR was performed in an ABI 7000
(Applied Biosystems) using TagMan Universal PCR Master Mix (Applied
Biosystems). All data were normalized to the corresponding level of elon-

ROLE OF IFN-B IN 7. cruzi INFECTION

gation factor-1a (EF-1a) expression, and the fold difference relative to the
EF-la level was calculated. The amplification conditions were: 50°C (2
min), 95°C (10 min), and 40 cycles of 95°C (15 s), and 60°C (60 s). Each
experiment was performed independently at least three times, and the re-
sults of one representative experiment are shown. All primers were pur-
chased from Assay on Demand (Applied Biosystems).

RNA interference

For small interfering RNA (siRNA) experiments, dsRNA duplexes target-
ing the coding region of the GTPase IFN-inducible pd7 (IRG47)
(5'-GGUGGAUAGUGACUUAUAU-3') were synthesized by Ambion.
Bone marrow cells were cultured in the presence of 30% L cell culure
supernatant for 6 days. The differentiated bone marrow macrophages were
then harvested by 5 mM EDTA weatment and transfected with 1.5 pg of
the siRNA using Nucleofector and a Mouse Macrophage Nucleofector kit
(Amaxa Biosystems) according to the manufacturer’s instructions. The
cells were immediately transferred to culture medium and cultured for 18 h.
Next, cells were infected with T. cruzi for 48 h, and parasite growth was
analyzed. To determine the efficiency of gene silencing, cells were infected
with 7. cruzi for 6 h, and the expression of IRG47 mRNA was analyzed by
quantitative real-time RT-PCR.

Results

Increased growth of T. cruzi in MyD88™"TRIF™"~ DCs
and macrophages

To study the direct involvement of innate immunity in T. crugi
infection, bone marrow-derived DCs prepared from WT,
MyD88~/~, TRIF~'~, or MyD88~/~"TRIF™'~ mice were in-
fected with T. cruzi. After 6 h of T. cruzi infection, the cells
were extensively washed and changed to fresh medium. After
culture periods of 4, 5, and 7 days, the number of trypomasti-
gotes released into the culture supernatants were counted (Fig.
14). The culture supernatant of TRIF™/~ DCs contained a
similar number of trypomastigotes to that of WT DCs. For
MyD88™/~ DCs, the number of trypomastigotes increased after
5 and 7 days of infection. Furthermore, for MyD88 ™/~ TRIF ™/~
DCs, the number of trypomastigotes increased considerably.
Next, peritoneal macrophages were infected with 7. cruzi (Fig.
1B). The number of trypomastigotes in the culture supernatant
of MyD88™/~ macrophages was slightly increased compared
with those of WT or TRIF™/™ cells after 5 and 7 days of in-
fection. For MyD88™/~TRIF ™'~ macrophages, larger numbers
of trypomastigotes were observed compared with the other cell
genotypes after 7 days of infection. Next, replication of T. cruzi
within macrophages was assessed based on [*H]uracil incorpo-
ration (Fig. 10). Intracellular growth of 7. cruzi was slightly
increased in MyD88 ™’ macrophages, and markedly increased
in MyD88 /" TRIF '~ cells compared with WT cells. Bone
marrow-derived macrophages were also infected with T. cruzi
and cultured for 48 h, before the number of intracellular para-
sites was counted. The number of infected cells did not differ
among the genotypes (data not shown). However, infected
MyD88 ™/~ TRIF ™'~ macrophages contained an increased num-
ber of parasites after 48 h of infection (Fig. 1, D and E). Thus
MyD88~/~ DCs and macrophages showed a slight increase in
T. cruzi growth, whereas MyD88™/~TRIF™/~ cells showed a
marked increase in growth, indicating that MyD88 '~ TRIF ™/~
DCs and macrophages were defective in the clearance of
T. cruzi.

Defective T. cruzi induction of proinflammatory mediators in
MyD88™'™ macrophages and DCs

The killing of parasites by macrophages has been shown to be
mediated by TNF-a and NO (22-25). Therefore, we next analyzed
the production of TNF-a and NO by T. cruzi-infected peritoneal
macrophages (Fig. 2). Both WT and TRIF™'™ macrophages se-
creted TNF-a and NO in response to 7. cruzi infection. In contrast,
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FIGURE 1. Defective T. cruzi clearance in MyD88™/~TRIF™~ DCs and macrophages. Bone marrow-derived DCs (4) or peritoneal macrophages (Md)
(B) from WT, TRIF™~, MyD88™/~, or MyD88™/~TRIF™'~ mice were seeded onto 96-well plates, and infected with T. cruzi for 6 h. The cells were then
washed to remove the extracellular parasites and cultured for the indicated periods, before the numbers of trypomastigotes in the culture supernatants were
counted. Data are representative of four independent experiments. C, Peritoneal macrophages were infected with 7. cruzi, washed and cultured in the
presence of | *H Juracil for 72 h, before the [*H]uracil incorporation was measured. *, p < 0.01; #*, p < 0.005. D and E, Bone marrow-derived macrophages
were infected with 7. cruzi, washed, and cultured for 48 h. The cells were then fixed, stained, and analyzed by microscopy. Representative stained cells
from three independent experiments are shown. Magnification, X400. The intracellular parasites were counted, and the data represent the mean + SD of

the number of parasites per 250 macrophages. #, p < 0.02.

secretion of these mediators was severely reduced in both
MyD88™'~ and MyD88 ™'~ TRIF~/~ macrophages, and no signif-
icant differences were observed between the two genotypes. These
findings indicate that T. cruzi-induced production of TNF-« and
NO was dependent on MyD88, but that the higher susceptibility to
T. cruzi infection of MyD88™/~TRIF~/~ macrophages was not
due to defective induction of these mediators.

Defective T. cruzi induction of IFN-inducible genes in
MyD88™/~TRIF™™ macrophages and DCs

Next, we tried to identify which genes were selectively less active
in T. cruzi-infected MyD88™/~TRIF™/~ DCs. T. cruzi infection
has been shown to induce IFN-g (9, 10). Therefore, we analyzed
T. cruzi-induced gene expression focusing on IFN-§ and IFN-in-
ducible chemokines as well as proinflammatory cytokines in peri-
toneal macrophages and DCs from WT, TRIF~'~, MyD88™'~,
and MyD88~"~TRIF™™ mice by quantitative real-time RT-PCR.
In WT and TRIF™'™ macrophages, T. cruzi infection led to robust
induction of TNF-« and JL-12p40 mRNAs (Fig. 3A4). In contrast,
both MyD887™/~ and MyD88'~TRIF '~ macrophages showed
defective induction of TNF-a and IL-12p40. Expression of the
mRNAs for IFN-B and IFN-inducible genes, such as Ccl2 (MCP-
1), Ccl5 (RANTES), and Cxcl]0 (IP-10) was induced in T. cruzi-
infected WT DCs (Fig. 3B). In contrast, T. cruzi-induced expres-
sion of IFN-a4 mRNA was not observed in any of the macrophage
and DC genotypes (data not shown). In MyD88™'~ DCs, T. cruzi-
induced expression of Ccl2, Ccl5, and Cxcll0 was only slightly
reduced. However, DCs from TRIF '~ and MyD88 ™/~ TRIF ™"~
mice showed severely impaired induction of these genes after 7.
cruzi infection. Peritoneal macrophages from each genotype
showed similar patterns of T. cruzi-induced gene expression (Fig.
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3C). Thus, MyD88™'~ macrophages and DCs showed defective
induction of proinflammatory cytokine genes during 7. cruzi in-
fection, whereas TRIF™'~ cells showed defective induction of
IFN-B and IFN-inducible genes during the infection. Furthermore,
MyD88™/"TRIF™ cells displayed defective expression of all
these genes.

IFN-B-mediated inhibition of T. cruzi growth in MyD88™"~
macrophages

MyD88™~TRIF~~ macrophages and DCs displayed defective
clearance of T. cruzi with impaired expression of IFN-f and IFN-
inducible genes. Therefore, we next addressed whether IFN-f is
involved in the resistance to T. cruzi infection in MyD88 ™'~ mac-
rophages. Peritoneal macrophages from WT and MyD88 ™/~ mice
were infected with 7. cruzi in the presence of an anti-IFN-B neu-
tralizing Ab, and intracellular growth of T. cruzi was measured
(Fig. 4). In WT macrophages, 7. cruzi growth remained unaltered
by the addition of the anti-IFN-8 Ab. In contrast, anti-IFN-8 Ab
addition dramatically increased the intracellular growth of T. cruzi
in MyD88™/~ macrophages. These findings indicate the possible
involvement of IFN-f in resistance to 7. cruzi infection in the
absence of MyD88.

High-sensitivity to T. cruzi infection in MyD88™~IFNARI™"™
macrophages

To further address whether IFN-J is involved in the resistance to
T. cruzi infection, we generated mice lacking both MyD8&8 and the
IFNAR1 subunit of the af3 IFN receptor complex (MyD88™/~
IFNAR! ™~ mice). Bone marrow-derived macrophages were in-
fected with T. cruzi, washed, and cultured. After culture periods of
4, 5, and 7 days, the numbers of trypomastigotes in the culture
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FIGURE 2. Defective production of TNF-a and NO in 7. cruzi-infected
MyD88™'~ macrophages. Peritoneal macrophages from WT, TRIF /",
MyD887/~, or MyD88 ™/~ TRIF™~ mice were infected with (+) or with-
out (—) T. cruzi for 6 h, washed to remove the extracellular parasites, and
cultured for 24 h. The levels of TNF-a and NO in the culture supernatants
were measured. *, Not detected.

supernatants were counted (Fig. 5A4). As mentioned, the culture
supernatant of MyD88 ™/~ macrophages contained a larger number
of trypomastigotes than that of WT macrophages. In the superna-
tant of IFNAR1™'™ macrophages, a slight increase in the number
of trypomastigotes was observed compared with WT cells. Fur-
thermore, the number of trypomastigotes in the culture supernatant
of MyD88/"IFNAR1™'~ macrophages was considerably in-
creased. Next, intracellular replication of T. cruzi was assessed by
counting [*H]uracil incorporation (Fig. 5B). MyD88™/™ and
IFNAR1™/~ macrophages showed slightly increased growth rates
of T. cruzi. However, MyD88 /"IFNARI™/~ macrophages
showed markedly increased growth rates of T. cruzi compared with
MyD88™'~ or IFNAR1 ™' cells. Furthermore, at 48 h after the T
cruzi infection, increased numbers of parasites were observed in
MyD88/"IFNAR1 ™'~ macrophages (Fig. 5, C and D). Thus,
IFNARI ™~ macrophages displayed a slightly increased sensitiv-
ity to T. cruzi infection, whereas MyD88 ™/ IFNAR1™™ macro-
phages displayed a higher sensitivity to the infection. These find-
ings suggest that IFN-S is responsible for resistance to T. cruzi
infection and that this responsibility becomes evident in the ab-
sence of MyD88.
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FIGURE 4. Effect of an anti-IFN-B neutralizing Ab on T. cruzi
growth in macrophages. Peritoneal macrophages from WT or
MyD88™/~ mice were infected with 7. cruzi for 6 h in the presence or
absence of an anti-IFN-$ neutralizing Ab, washed, and cultured in the
presence of [PHluracil for 72 h. The [*H]Juracil incorporation was then
measured. *, p < 0.005.
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High-sensitivity MyD8S™~IFNARI™™ mice 1o T. cruzi
infection

Macrophages are the primary site of 7. cruzi replication, and thus
act as the major cell population for controlling the infection in
vivo, especially for reticulotropic strains such as the Tulahuén
strain used in the present study (21, 26). Therefore, we next ad-
dressed whether IFN-f mediates antitrypanosomal responses in
vivo. Mice were i.p. infected with 7. cruzi, and the parasitemia was
monitored (Fig. 64). In WT and TRIF ™/~ mice, the trypomastigote
counts in the sera peaked by day 13 of the infection, and subse-
quently decreased. In IFNAR1 ™™ mice, serum trypomastigotes
were slightly increased compared with WT or TRIF™'™ mice, and
peaked around 11-13 days of infection. In MyD88 ™'~ mice, the par-
asite counts were increased at 13 days of infection. In MyD88 ™/~
TRIF™~ mice, the serum parasite counts continued to increase, and
these mice showed much higher levels of parasitemia by day 15 of
infection than levels found in MyD88 /" mice. In MyD88™/~
IFNAR1™™ mice, the parasite counts increased in a similar manner
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FIGURE 5. Increased 7. cruzi growth in MyD88™/"IFNARI™~ macrophages. A, Bone marrow-derived macrophages from WT, MyD88™/™,
IFNARI™", or MyD88™/"IFNAR1™'" mice were infected with 7. ¢ruzi for 6 h, washed to remove the extracellular parasites, and cultured for the indicated
periods. The trypomastigotes in the culture supernatants were counted. Data are representative of four independent experiments. B, Peritoneal macrophages
were infected with 7. cruzi, washed, and cultured in the presence of [*H]uracil for 72 h. The [*H]uracil incorporation was then measured. =, p < 0.0001.
C and D, Bone marrow-derived macrophages from each genotype were infected with T. cruzi, washed, and cultured for 48 h. The cells were then fixed,
stained, and analyzed by microscopy. Representative stained cells from three independent experiments are shown. Magnification, X400. Intracellular
parasites were counted, and the data represent the mean -+ SD of the number of parasites per 250 macrophages. =, p < 0.02.

to those in MyD88 ™'~ TRIF ™'~ mice. We further monitored the mor- tance to 7. cruzi infection, and this effect becomes evident in the
tality of the mice after T cruzi infection (Fig. 6B8). WT, TRIF™, and absence of MyD88.
IFNAR1™" mice were resistant to T, cruzi infection, and all the mice

survived for more than 19 days after the infection, whereas {rlx’ol\{errzetlt of IFN-B-inducible IRG47 in resistance to T. cruzi
MyD88 ™/~ mice started to die around 15 days after the infection, and infection
about half of the mice had died within 19 days. In contrast, all the Next, we addressed the molecular mechanisms of the IFN-B-me-

MyD88™/~TRIF™~ and MyD88 ™ /"IFNARI1™" mice died within diated resistance to T. cruzi infection in innate immune cells. The
19 days of the infection. Thus, MyD88™~TRIF ™~ and MyD88 ™/~ family of p47 GTPases has been shown to control innate immune
IFNAR1™" mice were more sensitive to in vivo 7. cruzi infection responses to intracellular pathogens, including protozoan parasites
than MyD88™"" mice, suggesting that IFN-B mediates in vivo resis- (27, 28). In addition, expression of p47 GTPases, such as LRG47
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FIGURE 7. Impaired expression of IRG47 in T. cruzi-infected
MyD88™"~TRIF~'~ mice. Bone marrow-derived macrophages (4) or DCs
(B) from WT, MyD88™/~, MyD88 /" TRIF™'~, or MyD88 /" "IFNAR1 ™/~
mice were infected with 7. cruzi for 3 or 6 h. Next, total RNA was ex-
tracted and analyzed for the expressions of Irg47, Igip, and Lrg47 by
quantitative real-time RT-PCR. Data are shown as the relative mRNA lev-
els normalized to the corresponding EF-1a mRNA level.

and TRG47, and inducibly expressed GTPase (IGTP), has been
shown to be induced through activation of TLR and IFN signaling
pathways during infection with intracellular pathogens (27, 28).
Therefore, we analyzed the expression levels of these p47 GTPases
in T. cruzi-infected DCs and macrophages. Bone marrow-derived
macrophages or DCs from WT, MyD838™/~, MyD88 ™/~ TRIF '™,
and MyD88'"IFNAR 1™~ mice were infected with T. cruzi for 3
or 6 h, and the expression of LRG47, IRG47, and IGTP mRNAs
was analyzed (Fig. 7, A and B). In WT and MyD88™/~ macro-
phages and DCs, T. cruzi infection resulted in robust mRNA ex-
pressions of all these p47 GTPases. Even in MyD88 ™'~ TRIF '~
and MyD88™/"IFNARI ™'~ cells, almost normal 7. cruzi-induced
expression of LRG47 mRNA was observed. However, T. cruzi-
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induced expression of IRG47 and IGTP mRNAs was severely im-
paired in MyD88 ™/~ TRIF™'™ and MyD88 ™/ IFNARL ™™ mac-
rophages and DCs. Although IGTP was previously shown to have
a minor role in T. cruzi infection, the involvement of IRG47 in T.
cruzi infection is less well defined (29). Therefore, we next ana-
lyzed whether IRG47 is responsible for antitrypanosornal re-
sponses in the absence of MyD88. To complete this analysis,
siRNA-mediated knockdown of IRG47 was performed in
MyD88™'~ macrophages. We transfected an IRG47 or control
siRNA into bone marrow-derived macrophages and extracted the
total RNA after 18 h for analysis of the IRG47 expression (Fig.
8A). Introduction of the IRG47 siRNA into bone marrow-derived
macrophages from MyD88™'™ mice resulted in an effective (81%)
reduction in IRG47 mRNA expression. MyD88 ™/~ macrophages
transfected with the IRG47 or control siRNA were further infected
with 7. cruzi, and the intracellular parasites were visualized and
counted (Fig. 8, B and C). In MyD88™/~ macrophages, siRNA-
mediated knockdown of IRG47 led to increased numbers of intra-
cellular 7. cruzi. These results indicate that IRG47 is involved in
resistance to 7. cruzi infection in innate immune cells.

Discussion
In the present study, we analyzed innate immune responses to the
intracellular protozoan parasite T. cruzi using MyD88 ™/~ TRIF '~
mice, in which TLR-dependent activation of innate immunity is
not induced. Macrophages and DCs derived from MyD88™"~
TRIF™/~ mice showed impaired clearance of T. cruzi. Analysis of
the gene expression profiles of T. cruzi-infected MyD88 ™/~
TRIF™™ DCs revealed that IFN-B was induced in a TRIF-
dependent manner during T. cruzi infection, whereas analyses with
an anti-IFN-$ neutralizing Ab and MyD88™"IFNARI1 ™'~ cells
demonstrated that IFN-B mediated antitrypanosomal innate im-
mune responses. Furthermore, both MyD88/"TRIF™/~ and
MyD88'"IFNAR1™™ mice were highly sensitive to in vivo 7.
cruzi infection. These findings indicate that MyD88-dependent in-
duction of proinflammatory cytokines and TRIF-dependent induc-
tion of IFN-B both contribute to innate immune responses to 7.
cruzi infection. We further showed that the p47 GTPase IRG47 is
responsible for the resistance to T. cruzi infection in MyD88™/~
macrophages.

Type I IFNs are well-known cytokines that exhibit antiviral ac-
tivities (30). However, a large body of evidence has demonstrated
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FIGURE 8. IRG47 mediates antitrypanosomal activity in MyD88™'~ mice. A, Bone marrow-derived macrophages were transfected with IRG47 or
control siRNA and cultured for 18 h. The cells were then infected with T. cruzi for 6 h and analyzed for the expression of IRG47 mRNA by quantitative
real-time RT-PCR. Data are shown as the relative mRNA levels normalized to the corresponding EF-la mRNA level. B and C, Bone marrow-derived
macrophages transfected with an IRG47 or control siRNA were infected with T. cruzi, washed, and cultured for 48 h. The cells were then fixed, stained,
and analyzed by microscopy. Representative stained cells from three independent experiments are shown. Magnification, X400. Intracellular parasites were
counted, and the data represent the mean -+ SD of the number of parasites per 250 macrophages. *, p < 0.02 compared with control siRNA-transfected

cells.
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