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granuloma [15,16]. These models not only exhibit structural
similarities to granulomas observed in human clinical speci-
mens, but also show patterns of cell antigen expression and/
or cytokine production that appear consistent with those ob-
served in tuberculosis patients. However, the formation of
granulomas in leprosy, involving M. leprae infection has not
been previously studied in vitro. The only data available on
granuloma formation of leprosy is from the immunological
staining of biopsies of patients, and granulomas harvested
from the footpads of athymic nude mice [27].

In our model, we first infected the immature human
macrophages with M. leprae. To mimic the recruitment
of additional PBMCs which would occur in vivo, autolo-
gous PBMCs were added after 24 h and cultured at 35°
C, the optimal temperature for the growth of M. leprae
and macrophages to be kept viable, Within 9 days of cul-
ture, macrophages and T lymphocytes gathered to form
a granuloma-like aggregates with fused macrophages,
appearing as multinucleated cells, and epitheloid macro-
phages tightly linked to surrounding macrophages and
lymphocytes. However, in control groups, the formation
of granuloma-like aggregates was not observed. When
autologous T lymphocytes and monocytes were purified
and used instead of PBMCs, a similar formation of
granuloma like aggregates were observed, together with
production of the same amounts of cytokines, indicating
that T lymphocytes and monocytes are sufficient for the
containment of M. leprae in granuloma like structures.

Electron microscopy studies indicated that the tuber-
culoid lesion had an appearance of a granulomatous re-
sponse with a predominance of ECs and MGCs, and the
mononuclear phagocytes which are surrounded by a
mantle of lymphocytes [28]. In the present in vitro
model of granulomas, MGCs were prominent, and re-
sembled MGCs observed in a tuberculoid lesion. MGCs
have been described by Langhans, but the function of
these cells in the granuloma remains to be elucidated
[29]. In this study, we observed not only Langhans giant
cells (MGCs with a circular nuclear organization in con-
trast to the MGCs formed in response to a foreign body
that lacks this kind of organization), but also the bacilli
surrounded by nuclei and restricted to the central cyto-
plasmic region. Because this type of MGC is not ob-
served in the normal mouse model, it is interesting to
further focus on the formation, mechanism and function
of such MGCs using human iz vitro model or human-
ized mouse model as recently described by Heuts et al.
[30]. The in vitro model of leprosy granulomas still
needs to be investigated, and compared to that obtained
using leprosy patients’ monocytes and T cells.

Macrophages function as control switches of the im-
mune system, providing a balance between pro- and
anti-inflammatory responses by developing into subsets
of M1 or M2 activated macrophages. M1 macrophages
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are activated by type I cytokines such as IFN-y and
TNFa, Alternatively, activated M2 macrophages are
subdivided further into M2a (activated by IL-4 or IL-13),
M2b (activated by immune complexes in combination
with IL-1B) and M2c (activated by IL-10 or glucocorti-
coids) [31]. M1 macrophages exhibit a potent microbici-
dal activity, and release IL-12, promoting strong Thl
immune responses. It is the M1 population that is
thought to contribute to macrophage-mediated tissue
injury [19,32]. In contrast, M2 macrophages support
Th2-associated effector functions and exert a selective
immunosuppressive activity. M2 macrophages also play
a role in the resolution of inflammation through phago-
cytosis of apoptotic neutrophils, reduced production of
pro-inflammatory cytokines, and increased synthesis of
mediators that are important for tissue remodeling and
wound repair. We investigated the contribution of the
macrophage polarization, MGC formation and immune
responses against M. leprae in granulomas, and found
that there was a strong relationship between the forma-
tion of granuloma-like aggregates, the changes of cell
surface antigen expression on macrophages, and the ex-
pression levels of various cytokines with the macrophage
polarization. In M. leprae infected macrophages co-
cultured with PBMCs, the concentrations of IL-2, IL-12
and TNF-a peaked at day 1, while, TLR4, CD86, and
MHC molecules were highly expressed, indicating that
most of the macrophages were of the M1 subset. At day
9, in the same group of infected macrophages co-
cultured with PBMCs, the cells assembled and formed a
multilayer, granuloma-like aggregates, and the macro-
phages not only highly expressed TLR4 and CD86, but
also scavenger receptor (CD163) and mannose receptor
(CD206) molecules. CD163 and CD206 are the markers
of M2 macrophages. Therefore, the M1 and M2 macro-
phages coexisted in granuloma-like aggregates. Consist-
ent with this observation, the levels of IL-1p, IL-2, IL-12
and IFN-y were high in the culture medium, promoting
the differentiation of macrophages into both M1 and M2
subsets. The protective cell mediated immune response
is regulated by the cytokine equilibrium, while the tuber-
culoid pole is characterized by the presence of Thl cyto-
kines (IL-2, IFN-y, TNF-« and IL-12), and lepromatous
is characterized by type 2 cytokines (IL-4, IL-6 and
IL-10) [33]. Because IL-10 is an immunosuppressive
cytokine implicated in susceptibility to mycobacterial in-
fection, we examined the expression of IL-10 in more
detail. Indeed, the infection with M. leprae suppressed
the production of IL-10. However, when macrophages
were differentiated with M-CSF, rather than GM-CSF,
M. leprae infection further enhanced IL-10 production.
Our results indicate that the granuloma aggregates stud-
ied here, are similar to those observed in the tuberculoid
form of leprosy. However, little is known about the type
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of cytokines that influence the formation of macro-
phages for containment of M. leprae in the granulomas
during the pathogenesis of leprosy.

We also investigated the viability of M. leprae in macro-
phages at different time points. At day 9, a number of
granuloma-like aggregates were observed in co-cultures of
PBMCs with macrophages infected with M. leprae. How-
ever in macrophages infected with M. leprae without the
PBMCs, granuloma-like aggregates were not observed.
There were no significant differences in the viability of M.
leprae in macrophage of different groups on day 1, but on
day 9, the viability of M. leprae in the group that formed
granuloma-like aggregates was slightly lower, although not
significantly, than that of M. leprae in infected macro-  geferences
phages without PBMCs. Evidently, granuloma-like aggre- 1. Britton WJ: Immunology of leprosy. Trans R Soc Trop Med Hyg 1993,
gates appear to benefit the host but the bacilli remained , 37:%08_6512 o 7A The biolody of | - 3 ol
metabolically active. The mechanism of this phenomenon ™ T;g; 1&'45?7;; + The Immunoblology of leprosy. it fev B Furho
needs further in-depth analysis. 3.
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ARTICLE INFO ABSTRACT

Genome analysis of Mycobacterium leprae strain Kyoto-2 in this study revealed characteristic nucleotide
substitutions in gene ML0411, compared to the reference genome M. leprae strain TN. The ML0411 gene
of Kyoto-2 had six SNPs compared to that of TN. All SNPs in MLO411 were non-synonymous mutations
that result in amino acid replacements. In addition, a seventh SNP was found 41 bp upstream of the start
codon in the regulatory region. The seven SNP sites in the ML0411 region were investigated by sequenc-
ing in 36 M. leprae isolates from the Leprosy Research Center in Japan. The SNP pattern in 14 of the 36
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ﬁeyc‘zg;ﬁ;ﬁum leprae isolates showed similarity to that of Kyoto-2. Determination of the standard SNP types within the 36
Géy nome P stocked isolates revealed that almost all of the Japanese strains belonged to SNP type Il, with nucleotide
SNPs substitutions at position 14676, 164275, and 2935685 of the M. leprae TN genome. The geographical dis-

Genotyping tribution pattern of east Asian M. leprae isolates by discrimination of ML0411 SNPs was investigated and
Japan interestingly turned out to be similar to that of tandem repeat numbers of GACATC in the rpoT gene (3
copies or 4 copies), which has been established as a tool for M. leprae genotyping. All seven Korean M.
leprae isolates examined in this study, as well as those derived from Honshu Island of Japan, showed 4
copies of the 6-base tandem repeat plus the ML0411 SNPs observed in M. leprae Kyoto-2. They are termed
Northeast Asian (NA) strain of M. leprae. On the other hand, many of isolates derived from the Okinawa
Islands of Japan and from the Philippines showed 3 copies of the 6-base tandem repeat in addition to the
M. leprae TN ML0O411 type of SNPs. These results demonstrate the existence of M. leprae strains in North-
east Asian region having characteristic SNP patterns.
© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Leprosy is a chronic infectious disease caused by infection with
Mycobacterium leprae. Dr. Gerhard Hansen, GHA first observed this
bacterium in samples derived from leprosy patients in 1873 (Ir-
gens, 1984). At that time, leprosy was prevalent worldwide and
the absence of effective drugs for treatment resulted in peripheral
nerve damage, leading to severe deformity. Thereafter more effec-
tive drugs were used in the treatment of leprosy and deformity was
reduced. The present strategy for leprosy treatment is based on the
multi-drug therapy (MDT) recommended by the World Health
Organization (WHO, 1982), which has successfully reduced the
number of leprosy cases in the world (WHO, 2012). However, M.
leprae cannot be cultivated in artificial medium and the detailed
biological characterization of the bacterium still progresses slowly.
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Due to advances in molecular biology, the unique characteris-
tics of M. leprae are becoming clearer through whole-genome
DNA sequencing and analysis. At present, two complete genome
sequences of M. leprae strains, TN and Br4923, have been deter-
mined and are publically accessible on an Internet database (Cole
et al,, 2001; Monot et al., 2009). The genome size of M. leprae is
approximately 3.3 Mb, which is smaller than that of Mycobacterium
tuberculosis (4.4 Mb) (Cole et al.,, 1998). Massive gene decay was
shown within the M. leprae genome relative to other mycobacteria
and the number of ORFs was estimated at approximately 1600. A
previous study using RFLP analysis showed no divergence in M. lep-
rae isolate genomes, even when originating from different geo-
graphic locations (Clark-Curtiss and Docherty, 1989; Williams
et al., 1990). Comparative genome analysis also confirmed the lack
of divergence in M. leprae isolates. There is no significant difference
between whole genomes of the two M. leprae strains, TN and
Br4923 except SNPs subtyping, although they were isolated from
countries that rank among those with the highest leprosy burden,
yet are geographically remote (India and Brazil) (Monot et al,
2009). In contrast, single nucleotide polymorphisms (SNPs) and
variable number of tandem repeat (VNTR) analysis indicated some
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variability in the genomic DNA of M. leprae isolates (Groathouse
et al, 2004; Matsuoka et al.,, 2004; Monot et al., 2005; Zhang
et al., 2005).

M. leprae cannot be cultivated in artificial medium and thus ani-
mal models such as the armadillo or athymic nude mice are uti-
lized to grow M. leprae bacilli for research. Importantly, the
animal models take 1-2 years to establish infection, requiring a
great deal of time, manpower, and cost. Moreover, to successfully
culture M. leprae bacilli from a human biopsy sample, the biopsy
materials should be taken from patients who are not undergoing
drug treatment. Recently the number of leprosy patients has de-
creased globally and, although welcomed from a public health per-
spective, has resulted in a scarcity of biopsy samples for research.
The Leprosy Research Center in Japan has established and main-
tained many M. leprae strains over the course of 5 decades (Mats-
uoka, 2010a,b). We therefore analyzed the genomes of Japanese M.
leprae strains to identify any small differences as compared with
strains TN and Br4923.

2. Materials and methods
2.1. Bacterial strains

M. leprae Thai-53 and Kyoto-2 strains were selected for genome
analysis. The Thai-53 strain, derived from an multibacillary (MB)
patient in Thailand, has been maintained in the Leprosy Research
Center in Japan for a long period upon establishment in the nude
mouse footpad systern (Kohsaka et al, 1976), and supplied to
researchers both foreign and domestic (Matsuoka, 2010b). The
Kyoto-2 strain was established from biopsy sample obtained at
skin clinic of Kyoto University, Japan (Matsuoka, 2010a). The M.
leprae strains were passaged in the nude mouse footpad at every
10 months. In addition, a genotyping analysis was undertaken on
34 other isolates, comprised of 17 isolates from the Leprosy Re-
search Center in Japan, 3 isolates from Thailand, 1 isolate from

Indonesia, 7 isolates from Korea, and 6 isolates from the
Philippines.

2.2. Preparation and sequencing of genomic DNA

Genomic DNA was extracted from the isolates using the QIA-
amp DNA mini kit (Qiagen). Shotgun DNA libraries were generated
according to the manufacturer’s sample preparation protocol for
genomic DNA (Bentley et al., 2008). Briefly, genomic DNA was ran-
domly sheared. Following ligation of a pair of adaptors to the re-
paired ends, the DNA was amplified using adaptor primers, and
fragments were isolated. Sequencing analysis was done by Illu-
mina GAIlx and reads were mapped to the published complete
genome sequence for M. leprae strain TN (http://genolist.pas-
teur.fr/Leproma/). Several gaps were detected and filled in by stan-
dard PCR and direct sequencing. The genome sequences of Thai-53
and Kyoto-2 were compared with those of strains TN and Br4923
using Mapview software for genome analysis, with the exception
of dispersed repeat regions. In addition, a more limited analysis
was done on other strains obtained from collaborators in the
Southeast Asian countries.

3. Results
3.1. SNPs analysis

The whole genome sequence, with the exception of the dis-
persed repeat regions of M. leprae Kyoto-2, was determined and
compared to that of other M. leprae strains. Some peculiar differ-
ences, relevant to the Kyoto-2 genome, were found. We focused
on one of those interesting differences in the Kyoto-2 genome.
The ML0411 gene of Kyoto-2 had six SNPs and five nucleotide dif-
ferences compared to that of TN and Br4923, respectively. All six
SNPs were non-synonymous mutations that result in amino acid
replacement. Moreover, one base change was observed at 41 bp

424 657
-41 276 | 571 I 671 1097
I I | I I
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M. leprae  Kyoto-2 — | T 1 1 I >~
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Fig. 1. Comparison of nucleotide sequences of M. leprae strains in gene ML0411 and the upstream region. ML0411 gene is indicated with arrows. The letters above arrows
show nucleotide bases and set of the three bases indicate codons. SNPs sites of nucleotide bases are indicated with capital letters. The numbers show SNPs position on

MLO0411. The letters below arrows show amino acids by one letter notation.



202 M. Kai et al./ Infection, Genetics add Evolution 19 (2013) 200-204

upstream of the start codon of MLO411 in the regulatory region
(Fig. 1). No other ORF has as many non-synonymous mutations
in the M. leprae genome. Within the TN and Br4923 strains, there
is only one SNP within 191st codon (at position 571st in base se-
quence) of ML0O411.

3.2. Genotyping

The sequences of seven SNP sites in the ML0O411 region were
investigated in 36 M. leprae isolates including Thai-53 and Kyoto-
2. The SNP pattern of 19 isolates (12 isolates from Honshu Island
in Japan and 7 isolates from Korea) showed a pattern identical to
that of Kyoto-2 except at nucleotide 657 (Table 1). On the other
hand, all Japanese strains in this study belonged to SNP type III
with the exception of one (Airaku-2), that contains a SNP type I
involving nucleotides at positions 14676, 164275, and 2935685
of the M. leprae TN genome DNA. We compared the standard SNP
typing (type I-IV) and the characteristic seven SNPs in Kyoto-2,
with the geographical distribution of strains. The results show that
isolates having the Kyoto-2 SNP pattern in gene ML0411, including
all Korean isolates, were SNP type III, while the other Japanese iso-
lates tested were SNP type IlI or I. Furthermore, the isolates having
the Kyoto-2 SNP pattern turned out to be similar to that of the tan-
dem repeat of six bases (GACATC) in the rpoT gene, which has been
well-established as a tool for M. leprae genotyping. All seven

Table 1
Genotyping of East Asian isolates of M. leprae by using several tools,

Korean M. leprae isolates tested in this study, as well as those 12
isolates derived from Honshu Island in Japan, showed 4 copies of
the 6-base tandem repeats. On the other hand, isolates derived
from Okinawa Island in Japan and from the Philippines only con-
tained 3 copies of the tandem repeat (Fig. 2).

4. Discussion

Several genetic markers of M. leprae have been researched and
evaluated for use as epidemiological tools for strain differentiation
(Lavania et al, 2007; Matsuoka et al., 2000; Phetsuksiri et al.,
2012). SNP typing using nucleotides polymorphisms at three sites
of M. leprae TN genomic DNA were established (Monot et al., 2005).
Four types of SNPs, C-G-A, C-T-A, C-T-C and T-T-C at positions,
14676, 164275, and 2935685 were proposed as Type I-IV in the
SNP typing and adopted globally (Sakamuri et al., 2009; Watson
and Lockwood, 2009) Recently, a more detailed subtyping system
composed of 16 subtypes (subtypes A to P) from 84 SNPs was re-
ported (Monot et al., 2009). Almost all of the Japanese isolates be-
long to SNP type I or Il (Matsuoka, 2010b). The subtypes of the
type Il Japanese strains, Kyoto-2 and Hoshizuka-4, were deter-
mined to be K (unpublished data). Interestingly, six of the unique
7 SNPs in the ML0411 region found in Kyoto-2 (T, A, A, G, T, and
T at positions, —41, 276, 424, 571, 671, and 1097, respectively)
were not only specific for Kyoto-2 but also for the other Japanese

MLO411 . Number of 6bp repeat In rpoT  SNPs type  SNPs sub-type  Distribution”
Nucleotide position  -41st 276th 424th 571st 657th 671st 1097th (V) (A-P)

Amino acid position - 92nd 142nd  191st 219th 224th 366th

TN G C G C C C G 3 1 A S
Br4923 G C G G C C G 3 v P

Hoshizuka-4 T A A G C T T 4 H K N
Kanazawa T A A G C T T 4 m ND

Keifu-4 T A A G C T T 4 il ND

Kitasato T A A G C T T 4 m ND

Kusatsu-3 T A A G C T T 4 m ND

Kusatsu-6 T A A G C T T 4 11 ND

Kyoto-1 T A A G C T T 4 I ND

Kyoto-2 T A A G G T T 4 I K

Oku-4 T A A G C T T 4 11 ND

Tsukuba-1 T A A G C T T 4 ur ND

Zensho-2 T A A G C T T 4 I ND

Zensho-4 T A A G C T T 4 m ND

Zensho-5 T A A G C T T 4 m ND

Zensho-9 G C G G C C G 3 m ND S
Airaku-2 G C G G C C G 3 I ND

Airaku-3 G C G G C C G 3 HI ND

Amami G C G G C C G 3 HI ND

Ryukyu-2 G c G G C C G 3 m ND

Ryukyu-6 G c G G c C G 3 )| ND

Thai-53 G C G G C C G 3 1 A

Thai-237 ? A ? G C C G 3 1 ND

Thai-311 G C G G C C G 3 I ND

Indonesia G C G G C C G 3 Il ND

Korea-1 T A A G G T T 4 i ND N
Korea-4 T A A G C T T 4 m ND

Korea-5 T A A G C T T 4 m ND

Korea-6 T A A G C T T 4 il ND

Korea-7 T A A G C T T 4 Uit ND

Korea-8 T A A G C T T 4 i ND

Korea-9 T A A G C T T 4 i ND

Cebu-1 G C G G C C G 3 Il A S
Cebu-2 G C G G C C G 3 I ND

Cebu-3 G C G G C C G 3 If A

Cebu-4 G C G G C C G 3 i ND

Cebu-5 G C G G C C G 3 il ND

Cebu-6 G C G G C Cc - G 3 I ND

“ S: type of southern islands of Japan, N: type of Honshu island of Japan.
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Fig. 2. Geographical distribution of M. leprae isolates derived from Japan and Korea
having different genotypes.

isolates stocked in the Leprosy Research Center in Japan (Fig. 2).
Some isolates derived from areas of the Philippines and Korea geo-
graphically nearest to Japan showed that the geographical distribu-
tions of the six SNP patterns in ML0O411 were divided into two
groups: those that contain the Kyoto-2 pattern (T-A-A-G-T-T)
including others isolated in Honshu Island of Japan and Korean iso-
lates, or the Thai-53 pattern (G-C-G-C-C-G) including others iso-
lated in the Okinawa Islands of Japan, the Philippines and other
southern countries (data not shown). The isolates having the Kyo-
to-2 SNP pattern in the ML0411 region were SNP type Il whereas
Thai-53 SNP patterns in the ML0O411 region in the other Japanese
isolates tested were SNP type I or III. Furthermore, the isolates hav-
ing the Kyoto-2 SNP pattern turned out to contain 4 copies of the 6-
base tandem repeat (GACATC) in the rpoT gene, which is well
established as a tool for M. leprae genotyping (Lavania et al,
2007; Matsuoka et al., 2000). Therefore, these seven SNPs in
ML0411 might be useful for studying the geographic distribution
of M. leprae in the South and East Asian (SA & EA) regions or at a
global level. The high frequencies of the standard SNP type I and
Il and the 3 tandem repeats in rpoT are common in SA & EA coun-
tries (Matsuoka et al., 2006). The results from this study seem to
indicate that some M. leprae lineages, showing SNP type III, 4 cop-
ies of tandem repeats in rpoT, and the Kyoto-2 SNP pattern in
MLO0411, appear to have disseminated and become established
among the people of neighboring and proximal SA & EA countries
such as China, Korea and Japan. This linkage might have occurred
by genetic linkage in the evolutionary process of M. leprae. There
has been no report of the existence of such a special lineage in
M. leprae globally, and these Northeast Asian (NA) strains of M. lep-
rae should be further characterized. Recently, Mycobacterium
lepromatosis was found and established to be closely related to
M. leprae, but clearly distinct from M. leprae (Han et al., 2008;
Vera-Cabrera et al., 2011). Although M. lepromatosis harbors 4 cop-
ies of 6-base tandem repeat in the rpoT gene, five nucleotides differ
in the flanking region of 6-base tandem repeat and M. lepromatosis
contains 3 repeats of 21 nucleotides, CGAGCCACCAATACAGCATCT
in rpoT gene but not M. leprae. All NA strains with 4 copies of 6-
base tandem repeat in the rpoT gene showed identical nucleotide
sequences at flanking region of 6-base tandem repeat with M. lep-
rae and do not contain 21-base repeats, thus NA strains are clearly

belonging to the M. leprae. However, here we describe for the first
time genotyping by using three indexes, namely, SNPs typing, copy
number of 6 base repeats in rpoT, and SNPs pattern in ML0O411. The
grouping of the NA strain is the first report of a strain that has dif-
ferent genotype from that of M. leprae strain reported.

The locations of ML0411 and rpoT on the M. leprae genome are
separated by approximately 100 kb. To confirm the possible genet-
ic linkage between ML0411 and rpoT, three separate SNPs of the
Kyoto-2 genome located between the two genes were selected
(coordinates in the M. leprae TN genome are 12324, 34353, and
54342) in several M. leprae isolates. There was no indication that
the SNP pattern can be separated in the Kyoto-2 and TN strains
(Fig. S1). The results indicate that there was no genetic linkage be-
tween ML0411 and rpoT. Therefore, the non-synonymous muta-
tions on ML0O411 and variation of copy number of the 6-base
tandem repeats in rpoT might be evolutionally independent and re-
flect regional characteristics of M. leprae strains. The nucleotide
bases of the 191st codon (GAT) in strain TN are changed to CAT
in strain Br4923. Combining analysis of the rpoT and ML0411 pat-
terns might be useful for identifying not only the NA strain of M.
leprae but also the detailed genotyping of M. leprae strains globally.
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Phosphorylation of the adaptor ASC acts as a
molecular switch that controls the formation of
speck-like aggregates and inflammasome activity

Hideki Haral?, Kohsuke Tsuchiyal®, Tkuo Kawamural, Rendong Fang!, Eduardo Hernandez-Cuellar!,
Yanna Shen'?, Junichiro Mizuguchi®, Edina Schweighoffer?, Victor Tybulewicz* & Masao Mitsuyama!

The inflammasome adaptor ASC contributes to innate immunity through the activation of caspase-1. Here we found that
signaling pathways dependent on the kinases Syk and Jnk were required for the activation of caspase-1 via the ASC-dependent
inflammasomes NLRP3 and AIM2. Inhibition of Syk or Jnk abolished the formation of ASC specks without affecting the
interaction of ASC with NLRP3. ASC was phosphorylated during inflammasome activation in a Syk- and Jnk-dependent manner,
which suggested that Syk and Jnl are upstream of ASC phosphorylation. Moreover, phosphorylation of Tyr144 in mouse ASC was
critical for speck formation and caspase-1 activation. Our resulis suggest that phosphorylation of ASC controls inflammasome

activity through the formation of ASC specks.

Inflammasomes are large multiprotein oligomers that serve critical
roles in host defense against microbial pathogens and the develop-
ment of inflammatory disorders by facilitating the secretion of proin-
flammatory cytokines!. Core components of each inflammasome are
pro-caspase-1 and a cytosolic pattern-recognition receptor belonging
to the Nod-like receptor (NLR) family or the HIN-200 family, which
contains a pyrin domain or a caspase-recruitment domain (CARD).
Inflammasome complexes are believed to be assembled after the
recognition of specific stimuli by the receptors®3. Once assembled,
inflammasomes serve as platforms for the activation of caspase-1,
which in turn cleaves the precursor forms of interleukin-13 (IL-18)
and IL-18 to their bioactive forms*

Different subsets of inflammasomes are activated by different stim-
uli. The NLRC4 inflammasome is activated by flagellin and the type III
secretion apparatus from bacteria®~7. Anthrax lethal toxin produced
by Bacillus anthracis triggers activation of the NLRP1B inflamma-
some in mouse macrophages®. Activation of the NLRP3 inflamma-
some depends on a priming step (signal 1) and an activation step
(signal 2)°. Signal 1 can be induced by signaling via Toll-like receptors,
whereas signal 2 is induced by microbial components with diverse
molecular structures, such as microbial RNA and toxins!®!1. In addi-
tion, the adjuvant alum and endogenous danger-associated molecules,
including ATP and monosodium urate (MSU) crystals, also induce
signal 2 for the activation of the NLRP3 inflammasome!®1213, ATM2
and IFI16 sense cytosolic DNA and nuclear DNA, respectively, and
DNA viruses'%, Francisella tularensis'®, Listeria monocytogenes'6-17
and Streptococcus pneumoniae'® have been demonstrated to activate
the AIM?2 inflammasome or IFI16 inflammasome!? in host cells.

The adaptor ASC (PYCARD or TMS-1) is composed of a pyrin
domain and a CARD and contributes to the assembly of inflamma-
some complexes?0. ASC serves as the bridge between pro-caspase-1
and pyrin-containing inflammasomes, such as NLRP3 and AIM2.
Accordingly, NLRP3 and AIM2 require ASC exclusively for the recruit-
ment of pro-caspase-1, while the CARD-containing receptors NLRC4
and NLRP1 can directly interact with pro-caspase-1 (refs. 1,7,21).
During inflammasome activation, ASC also forms cytosolic macro-
molecular aggregates of ASC dimers called ‘ASC specks, ‘ASC foci’
or ‘pyroptosomes’??23. The ASC speck recruits and activates pro-
caspase-1, which leads to the secretion of large amounts of IL-1 and
IL-18 and to pyroptosis, a form of programmed cell death. However,
ASC is not always essential for cytokine processing and the induction
of pyroptosis via the NLRC4 inflammasome. In addition to protein-
protein interactions in inflammasome complexes, published reports
have revealed the involvement of type I interferons!>24, the ubiq-
uitin ligase—associated protein SGT1, the heat-shock protein hsp90
(vef. 25), unidentified serine proteases?® and kinases?’-33, such as
PKC-§, PKR, Syk; Lyn, PI(3)K, Erk and DAPK, in the activation or
regulation of inflammasomes, but how these molecules participate in
inflammasome activity remains largely unclear.

Given the importance of the protective and pathological roles of
inflammasomes, it is worth clarifying what and how signaling factors
are involved in the activation of inflammasomes. Here we found that
the NLRP3 and AIM2 inflammasomes, but not the NLRC4 inflam-
masome, required Syk and Jnk for their full activity. Inhibition of Syk
or Jnk abolished the NLRP3- or AIM2-mediated formation of ASC
specks without affecting the interaction between ASC and NLRP3.
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We also found that ASC underwent Syk- and Juk-dependent phos-  which suggested that Syk and Jnk contributed to activation of the
phorylation and that Tyr144, one of the possible phosphorylation ~NLRP3 inflammasome. Moreover, we found that the production
sites, was critical for speck formation. Qur results indicate the phos-  of IL-18 induced by the synthetic B-form double-stranded DNA
phorylation of ASC may be an additional target for controllinginflam-  poly(dA:dT), but not that induced by flagellin, was substantially

masome activity. inhibited by pretreatment with an inhibitor of Syk or Jnk (Fig. 1b,c).

To confirm the role of Syk and Jnk in this, we used small interfering
RESULTS RNA. to knock down the expression of Syk or the genes encoding
NLRP3 and AIM2 require Syk and Jnk for IL-18 secretion Jnkl and Jnk2 (Mapk8-Mapk9) in macrophages, and also assessed

To examine the role of kinases in inflammasome activation, macrophages with knockout of Syk, Mapk8 or Mapk9, and found that
we assessed the effects of a.series of common kinase inhibitors - either knockdown or knockout decreased the secretion of IL-18 in
(Supplementary Table 1) on the NLRP3, AIM2 and NLRC4 inflam-  response to nigericin or poly(dA:dT) (Fig. 1d-h and Supplementary
masomes in peritoneal macrophages. To rule out the possibility = Fig. 2a—d). Also, the nigericin-induced secretion of IL-18 from mac-
of effects of the inhibitors on signal 1 delivered by priming with rophages was reduced by an inhibitor of Syk or Jnk or knockout of
lipopolysaccharide (LPS), we added the inhibitors to macrophage either Syk or Mapk8-Mapk9 (Fig. 1e and Supplementary Fig. 1d).
cultures 3 h after the initiation of LPS priming. Those inhibitors did  Those observations suggested involvement of Syk and Jnk in activa-
not affect the abundance of the inflammasome components or of tion of the NLRP3 and AIM2 inflammasomes. Syk deficiency in mac-
pro-IL-18 or pro-1L-1B at the protein level (Supplementary Fig. 1a). rophages resulted in a moderate decrease in the secretion of IL-18
‘We measured IL-18 secretion as an indicator of caspase-1 activation, and IL-1f3 induced by nigericin (Fig. 1d,e), which indicated that Syk
as pro-I1L-18, unlike pro-1L-1, is constitutively expressed in macro-  was not a critical requirement for activation of the NLRP3 inflam-
phages3!. The nigericin-induced secretion of IL-18 from macro- masome but instead contributed to that. Salmonella enterica
phages was significantly lower after pretreatment with an inhibitor  serovar Typhimurium 14028 (S. Typhimurium) and Mycobacterium
of Syk or Jnk, but not after pretreatment with inhibitors of other  tuberculosis strain H37Rvare recognized mainly by NLRC4 and NLRP3,
kinases, than after pretreatment with dimethyl sulfoxide, asa control  respectively, while Listeria monocytogenes strain EGD is recognized
(Fig. 1a). We obtained similar results with mouse bone marrow~ by various receptors, including AIM2 and NLRP3 (refs. 6,17,33).
derived macrophages and the U937 human macrophage cell line Consistent with the results reported above obtained by stimulation
(Supplementary Fig. 1b,¢), which excluded the possibility of macro- by ligands, IL-18 production induced by S. Typhimurium was not
phage type~- and species-specific effects. The production of IL-18  affected much by inhibition of Syk or Jnk in macrophages, whereas
induced by alum, another NLRP3 activator, was also diminished by  IL-18 production induced by M. tuberculosis or L. monocytogenes
pretreatment with an inhibitor of Syk or Jnk (Supplementary Fig. 1e), was reduced by inhibition of Syk or Jnk (Fig. 1i-k). From these
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Figure 1 Syk and Jnk are required for IL-18 secretion mediated by NLRP3 and AIM2 but not that mediated

by NLRC4. Enzyme-linked immunosorbent assay of IL-18 (a—d,~k) and 1L.-18 (e) in peritoneal macrophages
primed for 4 h with LPS, followed by stimulation for 90 min with nigericin (a,d,e,g) or for 6 h with encapsulated
flagellin (¢) or infection for 6 h with S. Typhimurium (i) or in unprimed macrophages stimulated for 3 h with
poly(dA:dT) (b,f,h) or infected for 24 h with M. tuberculosis (}) or L. monocytogenes (k), without inhibitors (d-h)
or-with addition of the Syk inhibitors R406 (1 uM), Syk inhibitor | (SI; 1 uM) and BAY 61-3606 (BAY; 10 uM),
the Src inhibitor PP2 (5 uM), the Jnk inhibitors SP600125 (SP; 40 pM) and TAT-TI-JIP153.163 (TAT; 40 pM),
the p38 inhibitor SB203580 (SB; 10 pM), the Erk inhibitor FR180204 (FR; 10 £M) and the PI(3)K inhibitor
wortrmannin (WO; 10 nM) (horizontal axes) to the cultures 1 h before stimulation or infection for inflammasome
activation (a~¢,i—k). Expt, experiment. *P < 0.01 and **P < 0.001 (one-way analysis of variance (ANOVA) with
Bonferroni's multiple-comparison test (a-c,g-k) or two-tailed unpaired f-test with Welch'’s correction (d-f)). Data are representative of at least three
independent experiments (a-f,i-k) or two independent experiments (g,h; mean and s.d. of triplicates).

SRR

.0 AR
&
E ¥ T

1248 VOLUME 14 NUMBER 12 DECEMBER 2013 NATURE IMMUNOLOGY



o
a PR Q. b P& A A d e Expt 1
IFFS KPR FITR FeF o S & XX
Casp p10 : . Casp1p10 - SN STFER 5**5*\4‘
Caspl P45 s s s s 1 Casp1 p45- s e & oL Casp1p10 N Caspt p10 @35, SN
NL?gg & ASC ‘o Casp1 pdS ag = Casp1 p45 s
= Poly(dA:dT) LPS + 8. Typhimurium NLRP3 s
LPS + nigericin -
Figure 2 Involvement of Syk and Jnk in f g ‘{g;\’ \49/\/ h \8?\/ ‘5{
NLRP3- and AIM2-mediated activation L \@?\3@9 S @@Q\‘@Q
of caspase-1. Immunoblot analysis of Caspi1 p10 N Caspi p10 #s 7 e SN Caspip10 SN
inflammasome molecules in peritoneal Casp1 pa5 c G Casp1 p45 s
N . ? aspt p45 L
macrophages primed for 4 h with LPS, foilowed ASG - loL NLRP3 £ ASC 'z
by stimulation for 90 min with nigericin (a,e,g) Syk G o ASC s i Poly(dA:dT)
or for 6 h with encapsulated flagetlin (¢) or Poly(dA:dT) LPS + nigericin Casp pds sk

S. Typhimurium (d) or in unprimed macrophages i
LPS -+ nigericin

stimulated for 3 h with poly(dA:dT) (b,f,h), without inhibitors (e-h) or with the addition of kinase inhibitors (above lanes)
to the cultures 1 h before stimulation {a~d). Caspl, caspase-1 (p10, subunit; p45, precursor); CL, cell lysate; SN, Expt 55 i
supernatant. Data are representative of at least three independent experiments (a-f) or two independent experiments (g,h). 5*“% giﬁ

results, we concluded that Syk and Jnk contributed to the activ- macrophages was almost completely abolished Casp1 pas s &
ity of the NLRP3 and AIM2 inflammasomes but not that of the in the presence of an inhibitor of Syk or Juk LPS + nigericin
NLRC4 inflammasome. .. but not in the presence of inhibitors of other

kinases (Fig. 2a,b and Supplementary Fig. 1f). In contrast, we did not
Caspase-1 activation requires Syk and Jnk observe effects of those two inhibitors on the activation of caspase-1

Next we assessed the involvemenf of Syk and Jnk in the activation of  induced by flagellin or S. Typhimurium (Fig. 2¢,d). Furthermore, acti-
caspase-1 via the NLRP3 and AIM2 inflammasomes. Activation of vation of caspase-1 induced by nigericin or poly(dA:dT) was reduced in
caspase-1 induced by nigericin, alum or poly(dA:dT) in peritoneal  Syk- or Jnk-deficient macrophages and by knockdown of those kinases
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Figure 3 Requirement for signaling via Syk and Jnk for ASC aggregation. (a-h) /n situ PLA of ASC-NLRP3 £ %0‘9
complexes (a,b), ASC staining (c~f) and immunoblot analysis of ASC (g,h) in peritoneal macrophages primed §§ 0.6
for 4 h with LPS, followed by stimulation for various times (above) with nigericin in the presence or absence of 2 og
<<

kinase inhibitors. (a,c) ASC-NLRP3 complexes, red (a); ASC, green (c); nuclei, blue (a,c). Scale bars, 10 um. FVENS
(b) Quantification of PLA signals per cell, presented relative to that of control cells treated with solvent. %9\3’ &\"3
(d—-f) Quantification of cells with ASC specks, presented relative to that of control cells treated with solvent or W
wild-type cells. (g,) Triton-soluble (S) and Triton-insoluble (1) fractions (right margin; g) or Triton-insoluble fractions

treated with disuccinimidyl suberate (I + DSS; h). (i,j) ASC staining in unprimed macrophages stimulated for 3 h with poly(dA:dT), presented as in d-f.
*P < 0.001 (Kruskal-Wallis test with Dunn’s multiple-comparison test (b,j), one-way ANOVA with Bonferroni’s multiple-comparison test (d,f), two-tailed
unpaired t-test with Welch's correction (e) or Mann-Whitney test (i)). Data are representative of at least three independent experiments (a—d,g,h) or two
independent experiments (e,f,i,j; mean and s.d. of triplicates in b,d-f,i,j).
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Figure 4 Phosphorylation of ASC in macrophages i 10
after activation of the inflammasome. 2 + nigericin
(a) Enrichment and immunoblot analysis (I1B) % & (60 min) &
of phosphorylated ASC in original cell lysates g 4
(Lys) and the elution (Elution) and flow-through “7’ )
(Flow) fractions of peritoneal macrophages primed ; j ASC + p-Jnk Nuclei Merge k
for 4 h with LPS, followed by no stimulation () LgS e
. . . . N .. + + +
or stimulation (+) for 60 min with nigericin and Nigericin 0 80 60 None
then fractionation through a column containing (min) 15
a resin that binds phosphorylated proteins. ; =
0~ASC, antibody to ASC; o-p-Tyr, antibody to phosphorylated . 12
tyrosine: (b-g) Phos-tag MSA of phosphorylated (p-) and total ASC in Poly(dA:dT) § (—g 91
Triton-sofuble and Triton-insoluble fractions of peritoneal macrophages (th) § 26
primed for 4 h with LPS, followed by no stimulation or stimulation for < 34,
60 min with mgencm (b—e), or of unprimed macrophages stimulated - oA B
for 2 h with poly(dA:dT) (f,g), analyzed by SDS-PAGE with (+) or Poly(dA:dT) Poly(dAdT) 0 1 2
without (-) Phos-tag (left margin); filled triangles indicate three major (2h) - ()]

bands. with different mobility. Fractions were dissolved in 300 ui (S)
or 50 pl (1) SDS sample buffer (b,d-g). (h-k) /n situ PLA of peritoneal
macrophages primed for.4 h with LPS, followed by stimulation for
0-60 min with nigericin (h,i) or of unprimed macrophages stimulated for 0-2 h with poly(dA:dT) (j k). (h,j) Red, complexes 'of ASC with phosphorylated
Jnk (ASC + p-Jnk); blue, nuclei. Scale bars, 10 pm. (i,k) Results presented relative to those of unstimulated control cells. *P< 0.01 and

**P < 0.001 (Kruskal-Wallis test with Dunn’s multiple-comparison test (i} or one-way ANOVA with Tukey-Kramer multiple-comparison test (k)).

Data are representative of two (a,c,e~g) or three (b,d,h—k) independent experiments (mean and s.d. of triplicates in i,k).

mediated by small interfering RNA (Fig. 2e-h and Supplementary peritoneal macrophages and bone marrow-derived macrophages
Fig, 2ef). The activation of caspase-1 induced by M. tuberculosis or  than in Syk*'* or Syk*/~ cells (Figs. 1d,e and 2e and Supplementary
L. monocytogenes in macrophages was lower after treatment with an  Fig. 3b,e). This suggested that the requirement for Syk in NLRP3 acti-
inhibitor Syk or Jnk than after treatment with the dimethyl sulfoxide vation in response to nigericin was cell type specific.
control (data not shown). These results suggested that Syk and Jnk
signals were involved in the activation of caspase-1 through the NLRP3  Syk and Jnk regulate inflammasomes via unknown pathways
and AIM2 inflammasomes but not in the NLRC4 inflammasome- We investigated whether inflammasome-activating agents induced
dependent activation of caspase-1. activation of Syk and Jnk, assessed by the detection of phosphorylated
kinases. Stimulation with nigericin or poly(dA:dT) induced detectable
Syk is not required for NLRP3 inflammasome in dendritic cells  levels of phosphorylated Syk and Jnk (Supplementary Fig. 4a~d). The
It has been reported that Syk is not required for nigericin-induced  phosphorylation of Jnk induced by nigericin or poly(dA:dT) was not
activation of the NLRP3 inflammasome in dendritic cells?8. Consistent  reduced by inhibitors of Syk or in Syk-deficient peritoneal macrophages
with that report, we observed no significant difference between (Supplementary Fig. 4e-g), which suggested that Syk is not upstream
wild-type and Syk-deficient bone marrow-derived dendritic cells  of Jnk in this process. Syk is reported to serve a pivotal role in activa-
in caspase-1 activation or IL-18 secretion in response to nigericin tion of the NLRP3 inflammasome in response to Candida albicans by
(Supplementary Fig. 3a,c,d). In contrast, IL-18 secretion and inducing the generation of reactive oxygen species (ROS) and CARD9-
caspase-1 activation induced by nigericin were lower in Syk-deficient ~ dependent activation of the transcription factor NF-xB23. However, we
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Figure 5 |dentification of amino acid residues
in ASC critical for its biological activities.

(a,b) Enzyme-linked immunosorbent assay of
IL-18 in HEK293 cells 48 h after reconstitution
by transfection of empty vector (EV) or vector
encoding Flag-tagged NLRP3(R258W) (100 ng)
(key) along with empty vector or vector encoding
Flag-tagged wild-type (WT) or mutant ASC

(10 ng; horizontal axes), plus vector encoding
pro-caspase-1 (30 ng) and pro-iL-1§ (100 ng).
58,125, ASC(S58A) with the additional
(gq; substitution T125A. (¢c—e) Immunoblot

analysis (c,e) and quantification (d) of ASC in
Triton-soluble and Triton-insoluble fractions (¢,d)
and disuccinimidyl suberate-treated
Triton-insoluble fractions (e) of reconstituted

NG HEK293 cells 48 h after transfection of

empty vector or vector encoding Flag-tagged
NLRP3(R258W) (left margin (c), top (d) or
above lanes (e)) along with vector encoding
Flag-tagged wild-type or mutant ASC (left
margin (c), horizontal axis (d) or above lanes ());
in d, band intensity of insoluble ASC is
presented relative to that of soluble ASC.

(f) ASC staining in HEK293 cells treated as

in c—e: red, ASC; green, transfected cells
(visualized by transfection of a plasmid
encoding green fluorescent protein (100 ng)).
Scale bars, 10 pm. *P < 0.05 and **P < 0.001
(one-way ANOVA with Bonferroni's muitiple-
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observed that wild-type and CARD9-deficient macrophages produced
similar levels of IL-18 in response to nigericin or poly(dA:dT) and that
the ROS scavenger BHA did not affect activation of the ATM2 inflam-
masome in macrophages (Supplementary Fig. 4h—j). Moreover, the
expression of mitochondrial ROS, which is important for the activation
of NLRP3, was not reduced by an inhibitor of Syk or Jnk in nigericin-
stimulated macrophages (Supplementary Fig. 4k). These results indi-
cated that Syk- and Jnk-dependent activation of the inflammasome
is not mediated by ROS or CARD9 and that Syk and Jnk operate in a
different pathway(s).

The formation of ASC specks requires Syk and Jnk

Both NLRP3 and AIM2 require the common adaptor ASC to recruit
and activate pro-caspase-1 (ref. 1). We therefore speculated that Syk
and Jnk might be involved in the interaction of ASC with NLRP3
or AIM2. To investigate that possibility, we visualized ASC-NLRP3
complexes by an in situ proximity ligation assay (PLA). As reported
before®®, we observed small spots of ASC-NLRP3 complexes in
peritoneal macrophages, and these increased in abundance after
stimulation with nigericin (Fig. 3a). The abundance of spots was not

MATURE IMMUNGLOGY VOLUME 14 NUMBER 12 DECEMBER 2013

Y144F

58,151-153

comparison test (a,b) or Tukey-Kramer’s
multiple-comparison test (d)). Data are from
one experiment representative of three
independent experiments (mean and s.d. of
triplicates in a,b,d).

increased by stimulation with nigericin in the
absence of ASC or NLRP3 (data not shown),
which suggested that ASC-NLRP3 complexes
were specifically visualized by this technique.
After stimulation with nigericin, the number
of spots representing ASC-NLRP3 complexes
was similar in macrophages pretreated with an
inhibitor of Syk or Jnk and those pretreated
with dimethyl sulfoxide (Fig. 3a,b), which
indicated that inhibition of Syk or Jnk did not affect the interaction
between NLRP3 and ASC, a critical step in formation of the NLRP3
inflammasome, in macrophages stimulated with nigericin. Next we vis-
ualized the formation of ASC specks and found that pretreatment with
an inhibitor of Syk or Jnk or deficiency in either Syk or Jnk reduced the
nigericin-induced formation of ASC specks in macrophages (Fig. 3¢—f
and Supplementary Fig. 5a,b). Because ASC has been reported to
form Triton X-100-resistant aggregates?®, we prepared Triton
X-100-soluble and Triton X-100~insoluble fractions from macrophages
to analyze the distribution of ASC. ASC was almost undetectable in
the Triton X-100-insoluble fraction of LPS-primed macrophages but
was significantly greater in abundance after stimulation with nigericin
(Fig. 3g). Moreover, most ASC in the Triton X-100-insoluble fraction
was a dimer or oligomer!® (Fig. 3h). Pretreatment with an inhibitor of
Syk or Jnk reduced the redistribution of ASC induced by nigericin and
also resulted in a decrease in the amount of dimerized and oligomer-
ized ASC (Fig. 3g,h). We obtained similar results for macrophages
stimulated with poly(dA:dT) (Fig. 31,j and Supplementary Fig. 5¢-f).
These results suggested that signaling by Syk and Jnk was required for
the formation of ASC specks but not for the NLR-ASC interaction.
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Phosphorylation of ASC after inflammasome activation

A published report has implied that ASC undergoes phosphoryla-
tion in response to inflammatory stimuli®%. To investigate whether
the aggregate formation of ASC was regulated by its phosphoryla-
tion mediated by Syk and Juk during inflammasome activation, we
enriched phosphorylated proteins from macrophage lysates through
the use of a column containing a phosphorylated protein-binding
resin and then detected ASC by immunoblot analysis. We observed
that stimulation with nigericin induced an increase in the amount
of ASC in the elution fraction (with enrichment for phosphorylated
proteins; Fig. 4a). To further analyze the phosphorylation of ASC,
we obtained Triton X-100-soluble and Triton X-100-insoluble cell
lysates and analyzed them by a mobility-shift assay (MSA) based
on the phosphate-binding tag Phos-tag®. In these gels, ASC in the
Triton X-100-insoluble fraction migrated more slowly than that in the
Triton X-100-soluble fraction, and the shift in mobility was reversed
by phosphatase treatment (Fig. 4b,c), which suggested that ASC in the
former fraction was phosphorylated. We observed the slowly migrat-
ing ASC in the Triton X-100-insoluble fraction of caspase-1-deficient
macrophages but not in that of NLRP3-deficient macrophages, after
stimulation with nigericin (Fig. 4b), which suggested that the increase
in phosphorylated ASC in response to nigericin required NLRP3
but not caspase-1. ASC may be phosphorylated at multiple sites, as
we detected three major bands with different mobility (Fig. 4c-g).

Figure 7 ldentification of phosphorylation sites in ASC. (a) Phos-tag MSA
of reconstituted HEK293 cells 48 h after transfection of vector encoding
Flag-tagged wild-type ASC (50 ng) plus empty vector or vector encoding
Syk (300 ng) (S) or Jnk1 (300 ng) and Jnk2 (300 ng) (J) or vectors
encoding Syk, Jnkl and Jnk2 (S+J). (b) Phos-tag MSA of reconstituted
HEK293 cells 48 h after transfection of vector encoding Flag-tagged
wild-type ASC plus empty vector or vectors encoding Syk, Jnk1 and Jnk2,
followed by no treatment (-) or treatment with phosphatase (+). (¢) Phos-
tag MSA of reconstituted HEK293 cells 48 h after transfection of vector
encoding Flag-tagged ASC(Y144F) plus vectors as in a (above lanes).

(d) Phos-tag MSA of reconstituted HEK293 cells 48 h after transfection
of vector encoding Flag-tagged wild-type or mutant ASC (top) plus empty
vector (—) or vector IJnkl (300 ng) and Jnk2 (300.ng) (+). Data are
representative of three independent experiments.
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Figure 6 Critical roles of the possible phosphorylation sites of ASC in
macrophages. (a~¢) immunoblot analysis of inflammasome molecules (a),
ASC staining (b) and quantification of ASC specks (¢) in reconstituted
RAW264.7 cells 9 h after transfection of vector encoding Flag-tagged
NLRP3(R258W) plus empty vector or vector encoding wild-type or mutant
ASC (above lanes or images (a,b) or horizontal axis (c)). (b) ASC, green;
nuclei, blue. Scale bars, 10 pm. (¢) Results presented relative to those of
the cells transfected with empty vector. (d) Quantification of ASC specks
in primary Pycard-'- peritoneal macrophages 9 h after reconstitution by
transfection of vector encoding Flag-tagged NLRP3(R258W) plus empty
vector or vector encoding Flag-tagged ASC (presented as in¢).

ND, not detected. *P < 0.001 (one-way ANOVA with Bonferroni’s multiple-
comparison test (¢,d)). Data are from one experiment representative of
three independent experiments (mean and s.d. of triplicates in ¢,d).

In addition, deficiency in either Syk or Jnk decreased the intensity of
the ASC band with the lowest mobility in the Triton X-100~insoluble
fraction of macrophages stimulated with nigericin or poly(dA:dT)
(Fig. 4d-g). We obtained similar results with an inhibitor of Syk or Jnk
(data not shown). These data suggested that ASC was phosphorylated
after activation of the NLRP3 and AIM2 inflammasomes via the Syk
and Jnk pathways. Syk and DAPK have been shown to associate with
the NLRP3 inflammasome complex?%30, Accordingly, we analyzed
the interaction of ASC with phosphorylated Jnk by in situ PLA. We
observed complexes of ASC with phosphorylated Jnk in wild-type
macrophages (Fig. 4h-k), but not in ASC-deficient macrophages
(negative control; data not shown), after stimulation with nigericin
or poly(dA:dT). Notably, most of the complexes were located in or
around the nucleus at later time points (Fig. 4h,j). These data sug-
gested that ASC was phosphorylated after activation of the NLRP3
and AIM?2 inflammasomes via the Syk and Jnk pathways.

Phosphorylation of ASC is critical for inflammasome activation
We next sought to identify ASC-phosphorylation sites that regu-
Iate the aggregate formation that results in activation of caspase-1.
We detected 14 or 8 possible phosphorylation sites, respectively,
in mouse ASC with NetPhos (a neural network-based method for
predicting potential phosphorylation sites at serine, threonine or
tyrosine residues; version 2.0), at a threshold of 0.5, or with GPS
(a group-based prediction system for the computational prediction
of phosphorylation sites with their cognate kinases; version 2.1.1)
with the low threshold (Supplementary Fig. 6 and Supplementary
Table 2). We constructed a series of expression vectors encoding ASC

C ASC (Y144F)
S+d
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ASC b e 8
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Figure 8 Involvement of Syk and Jnk in inflammatory responses to MSU in vivo.

(a-1) Absolute number of peritoneal exudate cells (PECs) (a,d,g), Gr-1*F4/80~

neutrophils (b,e,h) and F4/80* monocytes-macrophages (c,f,i) in the peritoneum of

chimeras (identified (horizontal axes) by cells used for reconstitution) 6 h after intraperitoneal
injection of MSU (a-¢,g—-i) or alum (d-f). Each symbol represents an individual mouse

(n=5 per group); small horizontal lines indicate the mean (+s.d.). *P< 0.05 and **P< 0.01
(two-tailed unpaired Mann-Whitney test (a,c), two-tailed unpaired f-test with Welch's correction
(b,d-f), one-way ANOVA with Bonferroni multiple comparison test (g) or Kruskal-Wallis test with 0 0
Dunn's multiple comparison test (h,i)). Data are representative of one experiment.

mutants in which amino acid residues predicted to be phosphorylated
were replaced with alanine or phenylalanine, then assessed the
ability of those ASC point mutants to induce IL-1 secretion in an
inflammasome-reconstitution system based on HEK293 human
embryonic kidney cells (Supplementary Fig. 7a,b). We observed
that the ability of the point mutants ASC(S58A), ASC(T125A),
ASC(Y144F) or ASC(T151A,T152A,5153A) to induce IL-1P secre-
tion in response to NLRP3(R258W), a disease-associated mutant of
NLRP3, was slightly lower that of wild-type ASC (Fig. 5a,b). We
further altered the ASC(S58A) mutant by the additional substitution
T125A or with the three additional substitutions of T1514, T152A
and S153A (ASC(58,151-153)) and found that IL-1B-inducing abil-
ity of the resulting ASC mutants was significantly lower than that of
ASC(S58A) (Fig. 5b). Furthermore, ASC(Y144F) and ASC(58,151~153)
showed less redistribution into the Triton X-100~insoluble fraction
in response to NLRP3(R258W) than did wild-type ASC (Fig. 5¢,d).
ASC(Y144F) and ASC(58,151-153) were still able to form dimers
and oligomers in the Triton X-100-insoluble fraction (Fig. 5e), pro-
bably because those substitutions affected the redistribution of ASC
without affecting its dimerization or oligomerization. Moreover, we
found that ASC(Y144F) expressed together with NLRP3(R258W)
formed almost no aggregates, in contrast to wild-type ASC expressed
together with NLRP3(R258W) (Fig. 5f). These results suggested that
Tyr144, Ser58, Thr151, Thr152 and Ser153, all putative phosphoryla-
tion sites of ASC, were involved in both IL-1B-inducing ability and
aggregate formation.

We investigated whether those results obtained with HEK293 cell
could be reproduced in the mouse macrophage cell line RAW264.7,
which lacks ASC expression. Wild-type ASC expressed together with
NLRP3(R258W) in RAW264.7 cells formed speck-like structures and
induced the activation of caspase-1, whereas speck formation was
diminished in RAW264.7 cells transfected to express ASC(Y144F)
or ASC(58,151-153) (Fig. 6a—c). The formation of ASC specks was
also abrogated by the substitutions in similar experiments with ASC-
deficient primary macrophages (Fig. 6d).

We further investigated whether those residues were phosphorylated
in a Syk- and Jnk-dependent manner. ASC expressed together with
either Syk or Jnk migrated more slowly in Phos-tag gels than did ASC
in cells transfected with empty vector (Fig. 7a). Transfection of cells
to express ASC with both Syk and Jnk resulted in a greater mobility
shift, which was reversed by phosphatase treatment (Fig. 7a,b). These
results suggested that ASC was phosphorylated at multiple sites in
a Syk- and Jnk-dependent manner. The observed changes in the
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mobility of ASC in the presence of Syk or Jnk were all abrogated by
the Y144F substitution in ASC (Fig. 7¢). In contrast, the mobility of
ASC(S58A), ASC(T151A,T152A,5153A) and ASC(58,151~153) in
Phos-tag gels, like that of wild-type ASC, was reduced by overex-
pression of Jnk1-Jnk2 (Fig. 7d), which suggested that Ser58, Thr151,
Thrl52 and Ser153 were not phosphorylated in a Jnk-dependent
manner or that the effect of those substitutions on the mobility may
have been masked by phosphorylation at other residues. These results
showed that phosphorylation of Tyr144 was required for inflamma-
some activation.

We did in vitro kinase assays with synthetic peptides (amino acids
139-150 of mouse ASC or amino acids 141-152 of human ASC) to
investigate the possibility that Syk directly phosphorylates Tyr144 of
mouse ASC and the corresponding tyrosine residue of human ASC.
We incubated those peptides with ATP in the presence or absence of
recombinant Syk and assessed the kinase reaction by the consump-
tion of ATP. We did not observe substantially less ATP in reactions
in which we used those ASC peptides as a substrate for recombinant
Syk, whereas reactions containing purified tubulin, as a positive con-
trol substrate, had less ATP (data not show). Thus, our data did not
support or were not sufficient to justify the possibility of direct phos-
phorylation of Tyr144 by Syk.

MSU- and alum-induced peritonitis is dependent on Syk and ik

Next we investigated whether Syk and Jnk were required for
inflammasome activation in vivo. We analyzed the recruitment
of inflammatory cells into the peritoneal cavity as an indicator of
stimulant-induced inflammation after intraperitoneal injection of
mice with MSU or alum. As shown before!?29, both MSU and alum
strongly induced the recruitment of cells, including Gr-1* F4/80~
neutrophils and F4/80* monocytes and macrophages, in an ASC-
dependent manner (Supplementary Fig. 8a-f). We then recon-
stituted irradiated wild-type mice with fetal liver cells to generate
Syk*/= and Syk~/- chimeras or with borne marrow cells to generate
wild-type, Mapk8~'~ and Mapk9~'~ chimeras. After challenge with
MSU or alum, Syk"/ ~ chimeras had fewer total cells, neutrophils,
and monocytes-macrophages in the peritoneal cavity than did
Syk*!~ chimeras (Fig. 8a,b,d-f). After challenge with MSU, the
number of peritoneal monocytes-macrophages tended to be lower
in Syk™/~ chimeras than in Syk*/~ chimeras, but the difference
between the groups was not statistically significant (Fig. 8c). The
infiltration of inflammatory cells induced by MSU or alum was
also lower in Mapk8~/~ chimeras or in wild-type mice treated with
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an inhibitor of Jnk than in wild-type chimeras or wild-type mice
treated with vehicle only, respectively (Fig. 8g—i and Supplementary
Fig. 8a-f). In contrast, the inflammasome-independent infiltration
of inflammatory cells induced by chemokine CXCL1 (KC) was simi-
lar in Syk*'~ and Syk~/~ chimeras and in Mapk8*'* and Mapk8~/~
chimeras (Supplementary Fig. 8g-1), and the inhibitor of Jnk
did not reduce the infiltration of inflammatory cells induced by
alum in ASC-deficient mice (n = 3; data not shown). These results
suggested that signaling via Syk and Jnk was involved in the MSU-
and alum-induced infiltration of inflammatory cells that was largely
dependent on ASC.

DISCUSSION

The phosphorylation and dephosphorylation of proteins is impor-
tant in controlling a wide range of biological processes, including
innate and adaptive immunity and apoptosis*$37. The involvement
of kinases such as PKC-§, PKR, Syk, Lyn, PI(3)K, Erk and DAPK in
inflammasome activation has been reported, yet the precise mecha-
nism of their action has remained unclear. In particular, Syk has been
demonstrated to contribute to the NLRP3 inflammasome in response
to C. albicans, most probably due to its role in inducing ROS pro-
duction28:29.3133, NLRC4 is phosphorylated after stimulation with
its ligands, and that phosphorylation is critical for inflammasome
activation®”. Here we showed that Syk and Jnk were involved in the
activity of ASC-containing inflammasomes in macrophages via a
mechanism that regulated the formation of ASC specks. We found
that ASC was phosphorylated in a Syk- and Jnk-dependent manner
at multiple sites, which most probably included Tyr144, which was
essential for speck formation. The phosphorylation of ASC during
inflammasome activation was required for activity of the NLRP3 and
AIM2 inflammasomes. Thus, inflammasomes are regulated by protein
kinases and perhaps by phosphatase(s) that target phosphorylated
inflammasome components.

We identified Tyr144 of ASC as a critical residue for speck forma-
tion and a possible phosphorylation site. Consistent with that, phos-
phorylation of the corresponding residue in human ASC (Tyr146)
has been disclosed in a patent application (Hornbeck, P. et al., US
patent application 2009/0325189 Al). The Y144F substitution in
ASC completely abrogated the phosphorylation of ASC induced by
overexpression of Syk or Jnk, which suggested that Tyr144 serves as
aregulator of ASC phosphorylation mediated by those kinases. That
tyrosine residue is evolutionary conserved. Tyr144 is located in the
CARD, whereas published studies have shown that the pyrin domain
of ASC is phosphorylated after stimulation with tumor-necrosis fac-
tor?4, which suggests the existence of other phosphorylation sites that
might also contribute to inflammasome activity.

Tt remains unclear how signaling via Syk and Jnk regulates the for-
mation of ASC specks. Transfection of HEK293 cells to express ASC
together with Syk or Jnk or both did not result in the formation of ASC
specks or the redistribution of ASC to the Triton X-100—-insoluble
fraction (data not shown), which suggested that phosphorylation
of ASC itself was not sufficient to induce speck formation in the
absence of stimuli of the inflammasome. Our results also suggested
a crucial role for Syk and Jnk in the redistribution, rather than the
dimerization or oligomerization, of ASC upon inflammasome acti-
vation. During the generation of ASC aggregates, monomeric ASC,
which is diffusely distributed before stimulation, is rapidly trans-
located to a perinuclear speck in each cell. The formation of ASC
specks is prevented by treatment with nocodazole, and ASC specks
are located near the microtubule-organizing center38, which suggests
a possible role for microtubules in the migration of ASC during the
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step of speck formation. In our assays, most complexes of ASC and
phosphorylated Jnk were located in or around the nucleus, and ASC
remained diffusely distributed in the cytosol even after inflamma-
some activation in cells in which Syk or Jnk was inhibited genetically
or pharmacologically. Thus, we speculate that Syk- and Jnk-mediated
ASC phosphorylation may function as a molecular ‘switch’ that con-
trols the migration of ASC along microtubules to the site of speck
formation. Together, these results indicate that ASC speck formation
is a consequence of multiple cellular events orchestrated by inflam-
masome receptors, Syk, Jnk and perhaps microtubules.

Although inflammasomes have pivotal roles in innate immunity to
pathogens, excessive or dysregulated activation of inflammasomes,
especially the NLRP3 inflammasome, has been linked to various
autoinflammatory diseases and autoimmune diseases, including
Muckle-Wells syndrome, inflammatory bowel diseases3®40, vitiligo!
and rheumatoid arthritis!2. Inflammasomes have also been linked
to obesity-induced insulin resistance®?, atherosclerosis®® and gouty
arthritis*¢ and could represent potential targets for therapy. Therapies
involving antibody to IL-1B appear to be effective in treating inflam-
matory disorders associated with deregulated inflammasome activity,
and further understanding of the basic processes and mechanisms
involved in inflammasome activation will provide additional strat-
egies for controlling autoinflammatory conditions. Here we have
shown that phosphorylation of the inflammasome component ASC
regulates inflammasome activity. Thus, for example, compounds
designated to specifically inhibit the phosphorylation of ASC may
be promising drug candidates for the treatment of inflammasome-
associated diseases, and antibodies specific to phosphorylated ASC
may be useful for diagnostic and research purposes. Further investi-
gation of the inflammasome will reveal the precise roles of kinases in
inflammasome activation and may identify additional mechanisms
for controlling inflammasome activity.

METHODS
Methods and any associated references are available in the online
version of the papern

Note: Any Supplementary Information and Source Data files are available in the

onlive version of the paper.
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ONLINE METHODS

Mice. Female wild-type, CaspI™/~, Pycard~'~, Nlrp3~"=, Card9~'~, Mapk8~'~and
Mapk9~'~C57BL/6] mice were maintained in specific pathogen—free conditions
and were used at 6-9 weeks of agel>16:4546, C57BL/6] mice heterozygous for the
SyktmITyb allele?” were intercrossed to generate embryos at embryonic day 16.5
that were wild-type for Syk (Syk*/*) or heterozygous or homozygous for the
SyktmiTyb allele (Syk*/~ or Syk™'-). Fetal liver cells from those embryos were
used to reconstitute C57BL/6] mice that had been irradiated with a total dose
of 10 Gy from a 1¥7Cs source. Bone marrow cells from wild-type, Mapk8~/~
or Mapk9™'~ mice were also used to reconstitute irradiated C57BL/6] mice.
Mice were used 6-7 weeks after reconstitution. All the experimental proce-
dures performed on mice were approved by the Animal Ethics and Research
Comumittee of Kyoto University Graduate School of Medicine.

Cells. Peritoneal macrophages, bone marrow-derived macrophages and bone
marrow~derived dendritic cells were prepared as reported?8#%. Those cells
suspended in culture medium consisted of RPMI-1640 medium supplemented
with 10% FCS and 10 pg/ml gentamicin were incubated on culture plates
overnight at 37 °C, then were used for this study. U937 cells (provided by
M. Matsuura) were cultured for 3 d in culture medium supplemented with
10 ng/ml of 12-O-tetradecanoylphorbol 13-acetate, 100 U/ml of penicillin
and 100 pg/ml of streptomycin. The order of treatment and positions of wells
in multiwell devices were determined randomly.

Reagents. LPS and flagellin were from Invivogen; alum was from Pierce;
nigericin and poly(dA:dT) were from Sigma-Aldrich; MSU was from Nacalai
Tesque; R406 was from Selleckchem; other kinase inhibitors were from Merck
Biosciences; and BHA (butylated hydroxyanisole) was from Wako. Polyclonal
antibody to ASC (AL177) and mouse monoclonal antibody (mAb) to NLRP3
(Cryo-2) were from Alexis; mAb to Jnk (56G8), mAb to phosphorylated Jnk
(81E11) and mouse mAb to phosphorylated Jnk (G9) were from Cell Signaling
Technology; mAb to phosphorylated Tyr (PY20), antibody to caspase-1 p10
(M-20) and antibody to Syk (anti-Syk) (N-19) were from Santa Cruz; anti-
Flag (600-401-383) was from Rockland Immunochemicals; biotin-conjugated
anti-IL-1f (BAF401) was from R&D Systems; and mAb to 11-18 (39-3F) was
from MBL. The enzyme-linked immunosorbent assay kit for mouse IL-18
was from eBioscience. For the ‘titration’ of human or mouse IL-18, a pair of
biotin-labeled (93-10C) and unlabeled (74) monoclonal antibodies to IL-18
was used (both from MBL).

Plasmids. The plasmid pmax-GFP was from Lonza. The pFLAG expression
vectors for ASC, pro-caspase-1, and pro-IL-1f were constructed beforel®. The
expression vectors for NLRP3 (R258W), Syk, Jnk1 (isoform f2) and Jnk2 (iso-
form B2) were constructed with primer sets (Supplementary Table 3) and the
pFLAG-CMV2 vector (Sigma-Aldrich). After that construction, the mutation
in the gene encoding NLRP3 or ASC was introduced into each expression
vector by site-directed mutagenesis. Similarly, pFLAG-pro-caspase-1 and
pFLAG-pro-IL-1B in which the Flag tag was removed were generated.

Stimulation with inflammasome activators. Cells were plated at a density
of 5 x 10 cells per well in 24-well microplates. Culture medium was replaced
with Opti-MEM (Invitrogen) before stimulation or infection. Macropbages
were primed for 4 h with 50 ng/ml LPS and stimulated with nigericin (5 uM)
or alum (500 pg/ml). For delivery into the cytosol of macrophages, flagellin
(15 ng) was encapsulated into Sendai virus envelope with GenomONE-Neo
(Ishihara Sangyo). Poly(dA:dT) (2.6 ug/ml) was introduced into unprimed
macrophages through the use of Lipofectamine LTX (Invitrogen). Cells
were infected with L. monocytogenes EGD*® (multiplicity of infection, 1) or
S. Typhimurium 14028 (multiplicity of infection, 10), and gentamicin was
added to the cultures 30 min after infection. Cells infected with M. tuberculosis
H37Rv (multiplicity of infection, 5) were washed 3 h after infection and were
further cultivated in Opti-MEM containing gentamicin. Kinase inhibitors or
dimethyl sulfoxide were added to cell cultures 1 h before stimulation or infec-
tion for inflammasome activation.

Immunoblot analysis. Cells were lysed with SDS sample buffer. Supernatants were
concentrated with trichloroacetate. For the generation of Triton X-100-soluble
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and Triton X-100-insoluble fractions, cells were lysed with 50 mM Tris-HCl
(pH 7.6) containing 0.5% Triton X-100, EDTA-free protease inhibitor ‘cocktail’
and phosphatase inhibitor ‘cocktail’ (Nacalai tesque). The lysates were
centrifuged at 6,000g at 4 °C for 15 min, and the pellets and supernatants were
used as the Triton-insoluble and Triton-soluble fractions, respectively. For the
detection of phosphorylated Syk, total Syk was immunoprecipitated with anti-
Syk (N-19; Santa Cruz) and protein G Sepharose (GE Healthcare).

Crosslinkage of ASC dimers or oligomers. The Triton-insoluble pellets were
washed twice with Tris-buffered saline and then resuspended in 500 ul Tris-
buffered saline. The resuspended pellets were crosslinked for 45 min at 37 °C
with 2 mM disuccinimidyl suberate (Pierce) and then centrifuged for 15 min
at 6,000g. The pellets were dissolved in SDS sample buffer.

Enrichment of phosphorylated proteins. Phosphorylated proteins were
enriched from cell lysates with a Pro-Q Diamond Phosphoprotein Enrichment
Kit according to the manufacturer’s instructions (Invitrogen). Cells were lysed
in lysis buffer supplemented with inhibitors of endonuclease and proteinase,
then ASC aggregates were solubilized with 8 M urea. After centrifugation
for 10 min at 10,000g, the supernatants were applied to the Pro-Q diamond
column (1 mg protein per column). The column was washed and eluted with
elution buffer (50 mM Tris, 2% SDS, 10 mM EDTA and 5% 2-mercaptoethanol,
pH 8). The flow-through and elution fractions were concentrated with trichlo-
roacetate. ASC or phosphorylated tyrosine in each fraction was detected by
immunoblot analysis.

Phos-tag-based MSA. The Triton X-100-insoluble and Triton X-100-soluble
fractions from macrophages (prepared as described above) were analyzed by
Phos-tag MSA. HEK293 cells were lysed with 50 mM Tris-HCl (pH 7.6) con-
taining 1% SDS, then lysates were precipitated with isopropanol and acetone.
Proteins in the lysates were precipitated with acetone, incubated overnight at
37 °C in phosphatase reaction mixture containing 250 U/ml of antarctic phos-
phatase (New England BioLabs), reprecipitated with acetone and dissolved in
SDS sample buffer. Those samples were separated by electrophoresis through
12% polyacrylamide gels with or without 50 uM MnCl, and 25 uM Phos-tag
ligand (NARD Institute).

RNA-mediated interference. Cells were transfected with 30 nM small interfer-
ing RNA through the use of the siPORT Amine Transfection Agent (Ambion)
as reported!®. After 48 h of cultivation, the cells were washed and used in exper-
iments. The sense small interfering RNA sequences were as follows: Syk (A),
ACUUGUAGUAGUUGAUGCAUUCGGG; Syk (B), AUUCCGAUCAUGCG
CACAAUGUAGG; Mapk8 (A), AAUAUAGUCCCUUCCUGGAAAGAGG;
Mapks8 (B), AAUUCCAGCAGAGUGAAGGUGCUUG; Mapk9 (A), UAAA
GUUGGUACAGGCUGUUCGCGG; and Mapk9 (B), UUCAAUCGCAUGC
UCUCUUUCUUCC. Stealth RNAi negative control medium GC duplex #3
was from Invitrogen.

Immunofluorescence staining. Cells seeded in eight-well chamber plates ata
density of 2.5 x 10° cells per well were washed twice, fixed in 4% paraformal-
dehyde and permeabilized with 0.25% Triton X-100. The cells were incubated
with anti-ASC (AL177; Alexis) and then with Alexa 488-labeled or Alexa 594-
labeled antibody to rabbit IgG (A11034 or A11012; Invitrogen). Nuclei were
stained with DAPI (4,6-diamidino-2-phenylindole; Dojindo).

In situ PLA. Fixed and permeabilized cells were incubated overnight at
4 °C with the following pairs of primary antibodies: rabbit anti-ASC (AL177;
Alexis) together with mouse mAb to phosphorylated Jnk (G9; Cell Signaling)
or mouse mAb to NLRP3 (Cryo-2; Alexis). The cells were washed and allowed
to react to a pair of proximity probes (Olink Bioscience). The rest of the i situ
PLA protocol was performed according to the manufacturer’s instructions. The
cells were examined by fluorescence microscopy (Olympus), and the Duolink
Image Tool (Olink Bioscience) was used for quantitative analysis.

Reconstruction of the inflammasome system in HEK293 cells. HEK293 cells

(CRL-1573; American Type Culture Collection) were maintained in DMEM
supplemented with 10% FCS, 6 mM vr-glutamine, 1 mM sodium pyruvate and

doi:10.1038/ni.2749
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5 pg/ml gentamicin as described!S. For experiments, HEK293 cells were plated
in 24-well microplates at a density of 2 x 10 cells per well and incubated over-
night. The cells were transfected with plasmids through the use of Transfectin
according to the manufacturer’s instructions (Bio-Rad). The total amount of
DNA was adjusted to a concentration of 1 ug per well with pFLAG-CMV2
empty vector. The cells were washed with culture medium 36 h after transfec-
tion and were further incubated for 12 h.

Reconstruction in macrophages. RAW264.7 cells (provided by H. Tanizaki)
or primary Pycard~/~ peritoneal macrophages were transfected with 1,000 ng
of pFLAG-ASC or the ASC mutant vectors together with pFLAG-NLRP3
(R258W) (250 ng) through the use of the Neon Transfection System according
to the manufacturer’s instractions (Invitrogen). Electroporation parameters
were as follows: pulse voltage, 1,680 V; pulse width, 20 ms; pulse number, 1;
cell number, 1 x 108, The cells were incubated for 9 h.

Peritonitis. Mice were challenged intraperitoneally with MSU (1 mg) or alum
(0.4 mg). At 2 h before and 30 min after challenge with the irritants, wild-type
mice were treated intraperitoneally with dimethyl sulfoxide or the Jnk inhibitor
SP600125 (25 mg per kg body weight). The mice were killed 6 h after injection
of the stimuli, and peritoneal cavities were lavaged with 5 ml PBS. Mice were
given intraperitoneal injection of mouse CXCL1 (0.8 ug; BioLegend) or PBS,
and peritoneal cells were collected 1.5 h after stimulation. Peritoneal cells
were counted with a Countess (Invitrogen) and then were allowed to react to
mAb to mouse CD16 (93; BioLegend). The cells were subsequently stained
with fluorescein isothiocyanate-labeled mAb to Gr-1 (RB6-8C5; BioLegend)
and phycoerythrin-labeled mAb to F4/80 (BMS; BioLegend) and were ana-
lyzed on a FACSCalibur (Becton Dickinson). Mice were prepared by H.H.

doi:10.1038/ni.2749

and were randomly assigned to experimental groups. Another investigator
(R.E), who did the injections and flow cytometry, was ‘blinded’ to the identity
of the groups.

Statistical analysis. The sample size of in vivo and in vitro studies was chosen
to be as small as possible but to allow the evaluation of distribution nor-
mality. For two-group comparisons by Gaussian distribution, a two-tailed
unpaired t-test with Welch’s correction was used when the variances of the
groups were judged to be equal by the F test. For two-group comparisons
with non-Gaussian distribution, a Mann-Whitney test was used. Multigroup
comparisons with Gaussian distribution, one-way ANOVA with Bonferroni’s
multiple-comparison test or Tukey-Kramer’s multiple-comparison test (for
samples of unequal size) was used after the confirmation of homogeneity of
variance among the groups by Bartlett’s test. For multigroup comparisons with
non-Gaussian distribution, a Kruskal-Wallis test with Dunn’s test was used.
P values of 0.05 or less were the threshold for statistical significance.
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ARTICLE INFO ABSTRACT

Mycobacterium tuberculosis has a considerable degree of genetic variability resulting in different
epidemiology and disease outcomes. We evaluated the pathogen-host cell interaction of two genetically
closely-related multidrug-resistant M. tuberculosis strains of the Haarlem family, namely the strain M,
responsible for an extensive multidrug-resistant tuberculosis outbreak, and its kin strain 410 which
caused a single case in two decades. Intracellular growth and cytokine responses were evaluated in
human monocyte-derived macrophages and dU937 macrophage-like cells. In monocyte-derived macro-
phages, strain M grew more slowly and induced lower levels of TNF-a and [L-10 than 410, contrasting
Mycobacterium tuberculosis yvith previous studies with PthEI: stra.ins, where a direct correlation \Nan observed betweefm increasgd
Monocyte derived macrophages intracellular growth and epidemiological success. On the other hand, in dU937 cells, no difference in
U937 growth was observed between both strains, and strain M induced significantly higher TNF-o levels than
strain 410. We found that both cell models differed critically in the expression of receptors for M. tuber-
culosis entry, which might explain the different infection outcomes. Our results in monocyte-derived
macrophages suggest that strain M relies on a modest replication rate and cytokine induction, keeping
a state of quiescence and remaining rather unnoticed by the host. Collectively, our results underscore
the impact of M. tuberculosis intra-species variations on the outcome of host cell infection and show that
results can differ depending on the in vitro infection model.
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et al.,, 1997), which thereafter disseminated to immunocompetent
individuals (Palmero et al., 2003). Epidemiological, bacteriological
and genotyping data have allowed the identification of the so-
called strain M, which belongs to the Haarlem family (subfamily

1. Introduction

Tuberculosis (TB) remains a major cause of suffering and death
worldwide. The HIV/AIDS pandemic, the decline of public health

systems and the emergence of multidrug-resistant (MDR) Myco-
bacterium tuberculosis strains have contributed to the global up-
surge of TB observed towards the turn of the millennium. This
unexpected re-emergence of the disease, which until then had
been deemed to be close to elimination (Paolo and Nosanchuk,
2004), prompted a strengthening of control policies and also
boosted research on TB.

In the early ‘90s, a large AIDS-related MDR-TB outbreak oc-
curred in hospitals located in Buenos Aires, Argentina (Ritacco

Abbreviations: MDM, monocyte-derived macrophages; MDR, multidrug-resis-
tant; TB, tuberculosis; RFLP, restriction fragment length polymorphism; dU937,
PMA-differentiated U937 cells; CFU, colony forming units; AFB, acid-fast bacilli;
MR, mannose receptor; MOI, multiplicity of infection.
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H2) and is responsible for the largest reported MDR-TB cluster in
Latin America (Ritacco et al., 2012a). This highly successful geno-
type has been able to prevail over other MDR M. tuberculosis strains
and to persist in the community. It still accounts for one in every
3.5 new MDR-TB cases in Argentina (Ritacco et al., 2012b). Another
MDR strain closely related to strain M, the strain 410, was first
identified at the early epidemic as having a single band difference
in the I1S6110 RFLP pattern (Geffner et al., 2009, Supplementary
Fig. 1). Strain 410 caused one MDR-TB case which has remained
unique, suggesting that it has an impaired ability to cause active
disease in new hosts.

Molecular epidemiology studies revealed that M. tuberculosis,
previously regarded as a highly conserved species, has a consider-
able degree of genetic variability, and mounting evidence suggests
that intrinsic properties of certain M. tuberculosis genotypes might



