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Abstract

Background: Interleukin-18 (IL-1f) is important for host resistance against Mycobacterium tuberculosis (Mtb) infections. The
response of the dendritic cell inflammasome during Mtb infections has not been investigated in detail.

Methodology/Principal Findings: Here we show that Mtb infection of bone marrow-derived dendritic cells (BMDCs)
induces IL-1f secretion and that this induction is dependent upon the presence of functional ASC and NLRP3 but not NLRC4
or NOD2. The analysis of cell death induction in BMDCs derived from these knock-out mice revealed the important
induction of host cell apoptosis but not necrosis, pyroptosis or pyronecrosis. Furthermore, NLRP3 inflammasome activation
and apoptosis induction were both reduced in BMDCs infected with the esxA deletion mutant of Mtb demonstrating the
importance of a functional ESX-1 secretion system. Surprisingly, caspase-1/11-deficient BMDCs still secreted residual levels
of IL-1Band IL-18 upon Mtb infection which was abolished in cells infected with the esxA Mtb mutant.

Conclusion: Altogether we demonstrate the partially caspase-1/11-independent, but NLRP3- and ASC- dependent IL-1
secretion in Mtb-infected BMDCs. These findings point towards a potential role of DCs in the host innate immune response
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to mycobacterial infections via their capacity to induce IL-1B and IL-18 secretion.
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Introduction

The inflammasome is a multiprotein complex that initiates the
maturation of pro-IL-1f and pro-IL-18 to their secreted products
via the activation of caspase-1. The inflammasome consists
frequently of three principle components: a NOD-like Receptor
(NLR) that is a pattern recognition receptor (PRR), the adaptor
protein ASC (apoptotic speck-containing protein with a CARD)
and the inactive pro-caspase-1 protein [1,2]. NLRs that are
associated with inflammasome signaling include NRP1 (Nalpl/
DEFCAP/NAC/CARD1/CLR17.1), NLRP3 (Nalp3/cryopyrin/
CIAS1/PYPAF1/CLR1.1), NLRC4 (IPAF/CARDI12/CLR2.1/
CLAN) and NOD2 [2,3]. The sensing of either pathogen
associated molecular patterns (PAMP) or danger associated
molecular patterns (DAMP) by these cytosolic PRR leads to
assembly of active inflammasome and the generation of activated
caspase-1 [1,2].

Inflammasome activation not only leads to cytokine secretion
but may also cause pyroptosis, a specific form of cell death, that
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combines characteristics of necrotic and apoptotic death pathways
[4,5]. Apoptotic caspases (e.g. caspase-3, -8) are not involved in
pyroptosis but instead activation of the inflammatory caspase-1 is
a defining feature of this death pathway [5,6]. Furthermore,
pyroptosis results in cell lysis via the caspase-1-dependent
formation of plasmamembrane pores leading to leaking of
cytosolic cellular components [6,7,8,9]. Finally, the cleavage of
chromosomal DNA is associated with pyroptosis but is not
mediated via caspase activated DNase activation and thus does
not produce the characterisic DNA fragmentation pattern
associated with apoptotic cell death [6,10].

Mpycobacterium tuberculosis (Mtb) is a human pathogen that causes
about 10 million cases of tuberculosis resulting in 1-2 million
deaths annually [11]. Mtb is a facultative intracellular pathogen
which has evolved to manipulate the infected host cell in multiple
ways [12,13,14,15,16]. The inflammasome was proposed to play
an important role in host defense against Mtb since mice deficient
in IL-Ireceptor (IL-1RI), IL-1B or IL-18 are more susceptible to
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infection with Mtb [17,18,19,20,21]. In bone-marrow derived
macrophages (BMDM) and the human macrophage-like cell line,
THP-1, the Mitb-mediated induction of IL-1p secretion is
dependent upon host cell NLRP3, ASC and Caspase-1 but
independent of NLRC4 [20,22,23,24,25]. Interestingly, these in
vilro observations are not recapitulated i vivo, since total IL-1f
levels in the lungs of Mtb-infected Asc and caspase-1/11 knock-out
mice were not significantly different from wild-type mice and
consistent with this result these mouse strains were less susceptible
to Mtb-infection when compared to IL-1f- deficient mice [20,23].
Thus i vive there are other methods of processing and secreting
IL-1P that do not depend upon inflammasome activation. One
potential mechanism for the generation of mature IL-1f i vivo
could thus involve other cell types besides macrophages. Indeed, to
date, only the interaction of macrophages with mycobacteria has
been analyzed in detail with regard to inflammasome activation.

It is well established that IL1-B is of great importance for host
defense against Mtb infections and thus it is important to
understand how production of this cytokine is regulated in
response to mycobacterial infections. Different roles for inflamma-
some activation in monocyte and macrophage mediated IL-1
processing and secretion have been described [26,27]. Alveolar
dendritic cells are host cells for Mtb i ziwo underscoring their
potential importance for host defense [28,29,30,31].To date no
detailed analysis on the interaction of Mtb with host cell
inflammasome and its implication for host cell death has been
performed for dendritic cells. An important recent report by the
Ehlers group focused on the # viwvo importance of NLRP3 for host
resistance to Mtb infections than a detailed analysis of Mth-DC
interaction [32]. Nevertheless, @ wvitro, they demonstrated that
NLRP3 is important for Mtb-induced IL-1B production [32].

Thus we performed a systematic analysis the role of inflamma-
some components in DC-mediated IL1-B secretion and host cells
death induction after Mtb infection. We demonstrate that BMDCis
depend on ASC and NLRP3 but not NLRC4 or NOD2 for IL-1
secretion, which is similar to the inflammasome requirements in
macrophages. Interestingly, the commonly used caspase-1 knock-
out mice are actually also deficient in caspase-11 expression, hence
these mice will be referred to as Caspl/]]ih [33]. The caspase-
1/11-deficient BMDCs had only a partial defect in IL-1p and IL-
18 secretion. As shown in BMDMs, the BMDCs mediated IL-
1 Bsecretion was dependent on the presence on the mycobacterial
ESX-1 secretion system. Finally, BMDCs responded with strong
apoptotic but not pyroptotic or pyronecrotic cell death in response
to mycobacterial infections that was also dependent upon ESX-1
protein secretion.

Results

Inflammasome activation in DCs is partially dependent
upon mycobacterial ESX-1 secretion system

Alveolar macrophages are host cells for Mtb in the lungs of
infected animals and humans. Inflammasome activation by Mtb in
macrophages has been extensively investigated
[20,22,23,24,34,35,36] and a role of the ESX-1 secretion in
cytokine response has been demonstrate [35,37]. An important
percentage of infected cells in the lungs of mice are dendritic cells
and their inflammasome response to Mtb infection has not been
investigated in detail [28,29].

First, the inflammatory cytokine profile of dendritic cells upon
infection with Mtb and the esxd deletion mutant of Mtb
(MthAesxA ) were investigated using a bead-based immunoassay.
Both strains induced a significant secretion of the pro-in-
flammatory cytokines IL-6 and TNF from negligible amounts
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(<0.1ng/ml) in the supernatants of uninfected cells to 4-6ng/ml
in infected cells. There was no induction of IL-10, MCP-1 or
IFN-y secretion by DCs after infection by either strain (Fig. 1A).
Next the activation of the inflammasome was investigated via the
detection of secreted IL-1B. DCs infected with wild-type Mtb
secreted about 3ng/ml of IL-1B which was very similar to the
positive control (LPS plus ATP treatment). Interestingly, Mtb
deficient in functional ESX-1 secretion system induces less IL-1
secretion of approximately 1.5ng/ml in wild-type BMDCs
(Fig. 1B). The secreted IL-1B was the mature form because
these supernatants were devoid of pro-IL-1f as tested by a pro-
IL-1Bspecific ELISA (data not shown). Next we demonstrated if
these differences in IL-1f secretion can be detected already right
after the 4h infection period and continued to persist during the
4 h and 8 h post infection timepoints(Fig. 1C). To test more
directly if the ESX-1 complex was involved in inflammasome
activation, we analyzed the activation of caspase-1 via fluorescent
substrates and flow cytometry. We could show that only Mth
induced significantly more caspase-1 activation (~30% positive
cells) when compared to uninfected and Mtb esx4d mutant
infected cells (~8-12%) at Oh and 4h post infection (Fig. 1D).
The induction of pro-IL-1B production is very similar right after
the infection period as determined by western-blotting (Fig. 1E).
At 4 hpi and 8 hpi the pro-IL-1B levels were consistently lower
in esx4d mutant infected cells (Fig. 1E). The rate of infection of
BMDCs after 4h is around 80% for both wild-type and mutant
Mtb as measured by flow cytometry after infection with GFP-
expressing bacteria (Fig. 1F). These results suggest that the
inflammasome of DCis is activated by Mth infection in a manner
that is partially dependent upon ESX-1 secreted proteins.

Apoptosis induction in DCs is partially dependent upon
ESX-1

The ESX-1 secretion system causes the induction of host cell
death upon infection in macrophages [38]. In order to address
the role of this secretion system in infected dendritic cells, the cell
death induction was first measured via an increase In genomic
DNA fragmentation by using the TUNEL assay. The percentage
of TUNEL positive cells was determined via flow cytometry after
24 h of infection. The background level of cell death in
uninfected cells was about 7% which increased to about 40%
in Mtb-infected cells (Fig. 2A). This cell death induction was
significantly decreased in the esx4 mutant to about 20%. The
activation of the executioner caspase-3/7 is a key step in
apoptotic cell death signaling and thus we examined the
activation of these caspases in BMDCs. The percentage of cells
with activated caspase-3/7 was quantified via flow cytometry
measurement of the caspase-3/7-activated fluorescent substrate
(Fig. 2B). The BMDC s infected with Mtb demonstrated a gradual
increase from about 30% of caspase-3/7 activated cells right
after the 4 h infections to almost 80% of cells 24 h later (Fig. 2B).
The background caspase-3/7 activation observed in uninfected
cells during the first 12 h remained at 15% and only at 24h
increased to about 25%. BMDCs infected with the MtbAesxA
demonstrated significantly less caspase-3 activation when com-
pared to Mth-infected cells for all the timepoints analyzed (0, 6,
12 and 24 h post-infection)(Fig. 2B). The results demonstrated
that the ESX-1 system is involved in host cell death induction in
DCs. The differences in BMDC inflammasome activation and
cell death induction between Mtb and the esx4 mutant are not
due to difference in uptake as demonstrated in figure 1F.
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Figure 1. The ESX-1 secretion system of Mtb does not affect secretion of proinflammatory cytokines in dendritic cells but is
important for complete inflammasome activation. BMDCs were left uninfected (Ul), infected with wild-type Mtb (Mtb) or the esxA deletion
mutant (AesxA) for 4 h at MOI of 10, washed and incubated for an additional 24 h (A+B) or the indicated timepoints (C+D). (A) The cytokine profile in
the supernatants was analyzed using a bead-based immunoassay (black=uninfected, white= Mtb, gray= AesxA). (B) and (C) IL-1p secretion was
analyzed by ELISA. (D) The percent of cells with activated caspase-1 was determined via flow cytometry using fluorescent caspase-1 substrates
(FLICA). (E) Pro-IL-1B protein levels in BMDCs. (F) GFP-labeled bacteria were used to infect BMDCs and rate of infection was determined via flow
cytometry. Shown are means and standard deviation of triplicate measurements of one representative experiment out of three. In all figures, the
asterisks denote range of p values (* =p<0.05, **=0.01>p>0.001,***p<0.001, ns = not significant ) as determined by one way ANOVA with Tukey’s

post test.
doi:10.1371/journal.pone.0040722.g001

ASC and NLRP-3 dependent but partially Caspase-1/11-
independent IL-1Bproduction in DCs

In order to address which inflammasome components are
important for Mth-mediated induction of IL-1f in DCs, cells from
various knock-out mouse strains were prepared and infected. The
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recent publication by the Dixit group demonstrated that the
previously generated caspase-1 knock-out mice are actually also
deficient in caspase-11 expression, hence the mice will be referred
to as Caspl /11"~ [33]. BMDCs from Caspl/11~’~ mice induced
significantly less IL-1f secretion than wild-type mice derived cells
(Fig. 3A). Nevertheless, there was still a significant increase in
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Figure 2. The ESX-1 secretion system of Mtb mediates
induction of apoptotic host cell death. (A) BMDCs were left
uninfected (Ul), infected with wild-type Mtb (Mtb) or the esxA deletion
mutant (AesxA) for 4h at MOI of 10, washed and incubated for an
additional 24 h. Cells were harvested and stained using the TUNEL
assay. The percent of TUNEL positive cells was determined by flow
cytometry. (B) BMDCs were infected as described for (A) and then
chased for the indicated time periods. The percentage of cells with
active caspase-3/7 was detected as described in material and methods.
Shown are means and standard deviation of triplicate measurements of
one representative experiment out of three.
doi:10.1371/journal.pone.0040722.g002

residual IL-1B secretion that was thus independent of caspase-1
and -11 activity in these DCs. Interestingly, this IL-1p secretion
was completely lost in Caspl/11~’~ BMDCs infected with the esxA
deletion mutant. The detected IL-1 was the mature form because
pro-IL-1B-specific ELISA failed to detect any significant amount
of immature IL-1B (data not shown). The LPS+ATP control
treatment also demonstrated that this mechanism of inflamma-
some activation was completely dependent on caspase-1 and/or -
11 activity (Fig. 3A). BMDCs derived from M4 /™ mice
responded with similar IL-1P secretion upon wild-type and AesxA
Mitb infection when compared to wild-type BMDCs (Fig. 3A). In
contrast, BMDCs from ASC- and NLRP3-deficient mice did not
activate the inflammasome upon Mtb infection as demonstrated
by a lack of increase in IL-1P secretion (Fig. 3B). We furthermore
determined that the noninflammatory NLR, NOD2, does not
participate in Mtb-mediated inflammasome activation (Fig. 3C)
which is in contrast to a NOD2-dependent IL-1P secretion in
human monocytes [39].
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Figure 3. BMDC inflammasome activation upon Mtb infection
is dependent upon host cell caspase-1/11, NLRP3 and ASC but
not NLRC4 and NOD-2. BMDCs were derived from wild-type (WT),
Casp1/11~"~ and Nirc4~~ mice (A), WT, Nirp3~/~ and Asc™’~ mice (B)
or WT and NOD-2 mice (C) and infected with Mtb (black bar), AesxA
(gray bar), left uninfected (UI, black bar) or treated with LPS and ATP
(striped bar) as a positive control. The supernatants were harvested
after 24 h and the amount of secreted IL-1 was detected by ELISA.
Shown are means and standard deviation of triplicate measurements of
one representative experiment out of three.
doi:10.1371/journal.pone.0040722.g003

Mtb induces apoptosis but not pyroptosis or
pyronecrosis in DCs

Inflammasome activation is a defining feature of pyroptosis
(caspase-1-dependent) and pyronecrosis (ASC-dependent) [4]. We
mvestigated if the Mtb-infected BMDCs undergo one of this forms
of cell death. Pyroptosis also leads to disruption of the cell
membrane and release of cytosolic proteins into the extracellular
environment, whereas apoptotic cell death maintains the mem-
brane integrity [4,5]. The permeabilization of the cell membrane
of infected or uninfected BMDCs was analyzed by the detection of
the cytosolic enzyme, adenylate kinase (AK), in the cell superna-
tant. First, the percentage of TUNEL positive cells in BMDCs
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derived from M4~ '~ and Nod2™ '~ was measured and found to
be not significantly different from wild-type BMDCs which was as
expected since these cells did not show any difference in
inflammasome activation (Fig. 4A.). As shown in Figure 3, the
BMDCs of the Caspase-1/11, ASC- and NLRP3- deficient mice
all had a clear defect in inflammasome activation after Mth
infection and thus they were now compared for their propensity to
undergo cell death by measuring DNA fragmentation (TUNEL
staining) and cell membrane disruption (AK release assay) (Fig. 4B
and 4C, respectively ). The induction of TUNEL positive cells by
Mtb was similar, about 40%, in BMDCs of all the different mouse
strains, except for the Mip3~ /™ cells in which the level of TUNEL
positive cells increased to about 50% after 24h of infection
(Fig. 4B). These results demonstrate that none of the inflamma-
some components is important for the cell death induction as
measured by DNA degradation. Furthermore, Mtb infection did
not lead to an increase in cell membrane permeability after
infection of wild-type and Caspl/11~’~ BMDCs. Infected and
uninfected BMDCs from these mice had about 20% cell lysis
relative to the detergent lysis control, PC, which was set to 100%
lysis (Fig. 4C). Surprisingly, we did detect a significant increase of
cell lysis in BMDCs of Asc™’~ and Mp3~'~ BMDCs which
increased in both cases from about 20% in uninfected cells to
about 40% in Mtb-infected cells. These results would suggest that
these inflammasome components may help to prevent necrosis
induction under some circumstances. In conclusion, these results
underscored the lack of pyroptosis and pyronecrosis induction in
BMDCs after Mth infection. Furthermore, /1r1~/~ BMDCs did
not demonstrate any defect in IL-1P secretion after 24 h of
infection with Mtb, since in wild-type and knock-out BMDCs
about 4ng/ml of IL-1f were secreted (Fig. 5A). The IL-1RI-
deficient cells showed a statistically significant reduction in
TUNEL staining over the same time period with 50.25% in
Mtb infected wild-type cells and 37.00% in Mtb-infected /171 -
BMDCs (Fig. 5B), suggesting a minor involvement of IL-1RI
signaling in BMDC apoptosis induction.

Caspase-1/11-independent inflammasome activation and
apoptosis induction in highly purified BMDCs

In our hands the unsorted population of cytokine derived
BMDC:s is on average >75% positive for DC cell surface markers
(data not shown). In order to confirm that the ESX-1-dependent
apoptosis induction and the caspase-1/11-independent inflamma-
some activation are not caused by the ~25% of undefined cells we
repeated key experiments using highly purified (>99% CDI11c")
BMDC s (Fig. 6). First, we confirmed that the apoptosis induction
in BMDC s is highly dependent upon the presence of functional
ESX-1 secretion system, since the esx4 mutant induced about 5fold
less apoptosis compared to wild-type Mtb (Fig. 6A). Importantly,
the observed caspase-1/11-independent induction of IL-1B
secretion could also be confirmed in the sorted BMDCs and was
also observed for IL-18 cytokine secretion (Fig. 6C+D). The
differences in IL-1p and IL.-18 secretion are not due to accidental
release of immature cytokines since the amount of cell lysis was
similar for all of the experimental conditions and cell types except
for the positive control (Fig. 6B). We also could not detect any pro-
IL-1B in the supernatants using pro-IL-1f specific ELISA (data
not shown).

Discussion

Dendritic cells (DCs) are antigen presenting cells that have
a major role in initiating an adaptive immune response via
priming of naive T cells [40]. The role of DCs in host immunity to
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Figure 4. The inflammasome is not involved in BMDC host cell
death induction after Mtb infection. BMDCs from indicated wild-
type or knockout mouse strains were infected with Mtb (white bars) or
left uninfected (black bars). After 24 h the amount of TUNEL positive
cells was determined in (A) and in (B). In (C) the amount of necrosis was
determined via analysis of the release of adenylate kinase into the
supernatant of infected cells relative to detergent lysed cells (PC).
Shown are means and standard deviation of triplicate measurements of
one representative experiment out of three.
doi:10.1371/journal.pone.0040722.g004

Mitb infections has become evident since their depletion in the
mouse model of tuberculosis led to a delay in specific T cell
activation and exacerbation of disease [41]. Furthermore, DCs
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doi:10.1371/journal.pone.0040722.g005

serve as host cells in Mtb-infected lungs and are important for
secretion of IL-12 and T cell priming [28,29,31,42,43]. The type
VII secretion system of mycobacteria, ESX-1, secretes proteins
that mediate a wide array of responses in infected macrophages
[44,45]. Here we determined that infected BMDCis induce strong
IL-6 and TNF secretion independently of the presence of
functional ESX-1 (Fig. 1A). This was consistent with the findings
that the transcriptional response to induce IL-6 and TNF is not
affected by the presence of ESX-1 in BMDCs [46]. Thioglycolate-
induced peritoneal macrophages also induce strong TNF and IL-6
responses independent of the ESX-1 system [35]. In contrast, the
inflammasome activation in BMDCs, as measured by IL-18
secretion and caspase-1 activity, is strongly dependent on the
ESX-1 system (Fig. 1B-D) which is comparable to the reaction of
BMDMs [22,35]. Nevertheless, after 4 h and 8 h post infection the
decrease in IL-1f secretion by esx4 mutant infected cells is not only
due to a lack in inflammasome activation but also to a decrease in
pro-IL-1P production as determined by western blotting (Fig. 1E).
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Caspase-1 can augment TLR-mediated TNF and IL-6 production
via cleavage of the TLR adapter protein TIRAP [47,48]. The
ESX-1 Mtb mutant does not activate caspase-1 efficiently in
BMDC:s as demonstrated by a lack of IL-1f secretion and FLICA
substrate cleavage assay (Fig. 1C-D) but at the same time the
mutant is not deficient in TNF and IL-6 and thus it seems that at
least in murine BMDCs caspase-1/11 are not necessary for full
induction of these proinflammatory cytokines.

Some pathogens induce pyronecrosis and/or pyroptosis upon
infection of host cells [4,49]. We investigated if either of these cell
death pathways is induced in DCs after infection with Mtb. There
was no reduction of apoptosis in ASC and Casp-1/11 deficient
mice indicating that no pyroptosis was induced (Fig. 4B). There
was no induction of necrosis either during the observed time
period of 24 h (Fig. 4C) and consequently no pyronecrosis.
Interestingly, it seems that Mtb induces a higher rate of apoptosis
in DCs than what we have observed before when infecting
BMDMs at identical MOI for 4 h [50]. Mtbh has mechanisms to
inhibit host cell apoptosis [12]. Nevertheless, it is an advantage for
the host organisms if the host cell becomes apoptotic because
macrophages from susceptible mouse strains undergo necrotic-
type of cells death whereas macrophages from a resistant strain
induce apoptosis [51]. It is not possible for Mth to completely
abolish the macrophage apoptosis response and hence one always
observes an increase of apoptosis in Mth infected cells when
compared to uninfected cells. One could hypothesize that
dendritic cells are more sensitive to undergoing apoptosis upon
Mitb infection when compared to BMDMs. This could potentially
be due to the higher rate of activity of their NOX2 system [52].
We previously demonstrated in murine macrophages that
prolonged NOX2 activity and phagosomeal ROS accumulation
caused apoptotic cell death [50].

In BMDMs and the human macrophage-like THP-1 cell line, it
has recently been demonstrated that Mth-induced IL-1f cytokine
secretion is dependent upon the presence of NLRP3, ASC and
Caspase-1 proteins [20,22,23,24]. Here we show that the same
inflammasome components are important for dendritic cell
mediate IL-1P release upon Mtb infection (Fig. 3). Our results
on the importance of NLRP3 are also consistent with the recent
report that BMDCs of M3~ '~ mice do not induce I1.-1B
secretion after Mtb infection [32]. We furthermore excluded the
contribution of NLRC4 and NOD? in inflammasome activation
(Fig. 3A and Fig. 3C). The latter result was of interest because
NOD2 has been shown to be necessary for the induction of
proinflammatory cytokines (I'NF, IL-6 and IL-12) in BMDCs [53]
and primary murine, alveolar macrophages [54]. Furthermore,
NOD2 has been shown to associate with NLRPI to induce
caspase-1 activation [55], and NOD2 is also implicated in the
muramyl dipeptide induced ASC/NLRP3 inflammasome activa-
tion [56]. Thus it was important to exclude the contribution of this
NLR in Mtb-induced inflammasome activation in BMDCGCs in our
study. In contrast, primary monocytes derived from human
patients deficient in NOD2 activity, showed a decrease of IL-13
secretion after Mtb infection when compared to monocytes of
healthy donors [39]. This difference could be accounted for by the
fact that monocytes are quite distinct from macrophages and
dendritic cells when it comes to IL-1P secretion since they have
a constitutively active caspase-l and thus do not require
inflammasome activation for maturation of pro-IL-1f [26].
Another explanation could be the difference between human
and murine cells used in these respective studies.

Interestingly, we demonstrated a small but significant level of
IL-1B and IL-18 secretion that was independent of caspase-1/11
in BMDCs but still dependent upon ASC and NLRP3
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Figure 6. Highly purified CD11c" dendritic cells confirmed the partially caspase-1/11 independent inflammasome activation upon
infection with Mtb. CD11c¢* sorted BMDCs from wild-type WT and Casp1/11~"~ were left uninfected (Ul, black bars), infected with Mtb (white bars)
or the AesxA mutant (gray bars). After 24h the percentage of TUNEL positive cells was determined in (A). In (B) the amount of necrosis was
determined by quantification of the release of adenylate kinase and normalized to the values obtained in detergent lysed cells (PC, striped bar). In (C)
and (D) the same supernatants were analyzed for IL-13 and IL-18 secretion, respectively.

doi:10.1371/journal. pone.0040722.g006

(Fig. 3A+B,6C+D). This was unexpected since in all of the
published results on macrophages the IL-1B maturation is
completely dependent on the presence of caspase-1 [20,23,24].
One possibility is that other non-inflammatory caspases, such as
caspase-8 or -9, are capable of cleaving pro-IL-1Band pro-IL-18 in
the caspase-1/11 deficient murine BMDCs. It is not without
precedence for caspases to have multiple functions [57]; for
example, caspase-8 and 3/7 are important for activation of
macrophages in the central nervous system without causing
apoptosis [58]. Alternatively, mature IL-1p and I1.-18 could be
generated in a caspase-independent way as described to date
mainly for neutrophils via cleavages by serine proteases such as
proteinase-3, elastase or cathepsin-G [27]. This seems unlikely
because these proteases are not dependent upon ASC for
activation. A third possibility is that Mtb releases a protease
capable of cleaving IL-1p similar to the fungal pathogen Candida
albicans [59]. Nevertheless, one would then also expect to see
a caspase-1/11-independent IL-1B secretion in Mitb-infected
macrophages, unless the expression of this hypothetical protease
is regulated differently in macrophages and dendritic cells.

@ PLoS ONE | www.plosone.org

The IL-1P response is of great importance for host defense
against Mtb infections [17,18,19,20,21]. Here we provided the
first detailed analysis of the inflammasome activation of dendritic
cells and demonstrated that Mtb-induced IL-1f and IL-18
secretion is dependent upon ASC and NLRP3 but only partially
on caspase-1/11.

Materials and Methods

All animal studies were approved by the Institutional Care and
Use Committee of The University of Maryland at College Park
and were conducted in accordance with the IACUC guidelines
and the National Institutes of Health Guide for the Care and Use
of Laboratory Animals. Protocol# R-09-35.

Mice

C57BL/6 wild-type, and Nod2™ ', mice were obtained from
The Jackson Laboratories. Caspl =7 Nired™’ ™, Nirp3 T Ase T
and I[7r1”’~ mice have been described elsewhere and are all in
the C57BL/6 background [60,61,62]. Mice were maintained
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under pathogen-free conditions and used between 6 to 12 weeks of
age.

Cell culture

The generation of bone marrow-derived dendritic cells (BMDCs)
method was performed as described [43] and consistently generated
more than 75% of cells positive for CD11c and CD86 in our hands.
Bone marrow cells were obtained from the femurs and tibia of mice.
Cells were then cultured in DMEM supplemented with Penicillin
(100 U/ml), Streptomycin (100 pg/ml), 2-mercaptoethanol
(50 pM) (all from Invitrogen), 10% heat-inactivated FCS (Hyclone),
and 200U/ml GM-CSF (Peprotech) on 100 mm dishes for 7-9 days.
In order to confirm that BMDC and not minor contaminating cell
populations are responsible for caspas-l-independent inflamma-
some activation FACS was used to purify 99% CD11c positive cells.
Briefly, after GM-CSF differentiation on day 7, CD11c-positive
BMDCs were purified by incubated with antibodies to block Fe-
Receptors (clone 24G2) for 20 minutes at 4°C, then cells were
stained with anti-mouse CD11c¢ —PE clone N418 (cat# 12-0114-81)
and anti-hamster IgG-PE. (cat# 12-4112-83) as isotype control for
another 20 minutes at 4°C (both from eBioscience). Cells were
washed twice in PBS and CD11c positive cells were isolated by cell
sorting using the FACSAria (BD Bioscience) in the MPRI flow
cytometry core facility. The resulting sorted cell population is 99%
positive for CD1lc.

Bacteria

M. tuberculosis H37Rv (ATCC 25618) was obtained from Dr.
W.R. Jacobs Jr. AECOM), MthAesxA was kindly provided by Dr.
Lian-Yong Gao (University of Maryland). All mycobacteria were
grown in 7H9 media (Invitrogen) supplemented with 0.05%glyc-
erol (Sigma), 0.05% TWEEN-80 (Sigma), and 10% ADC
(Invitrogen). For selective media 50pg/ml hygromycin (Invitrogen)
was added.

Cell culture and infection

Cultured medium containing differentiated BMDCs in suspen-
sion was collected and centrifuged. Cell pellets were then re-
suspended in infection media containing only GM-CSF. Bacteria
were grown to an ODygg ranging from 0.5 to 0.8 and prepared as
described. Infections were carried out at a multiplicity of infection
(MOI) of 10:1 for 4 hours in infection media containing 10% non-
heat inactivated FCS. After 4 hours, extracellular bacteria were
removed by 2 washes with PBS and the cells were incubated in chase
media containing GM-CSF and 100 pg/ml of gentamicin (Invitro-

gen).

Cell death and caspase activation assays

The TUNEL assay was performed using the “In Situ Cell
Death Detection Kit-Fluorescein or “TMR Red” (Roche Applied
Sciences). The assay was carried out as described by the
manufacturer and the percentage of stained cells was analyzed
using flow cytometry.

Caspase 3/7 or caspase-1 activation was detected using the
FLICA-caspases-3-7- or FLICA-caspase-1 assays (ImmunoChem-
istry Technologies, Cat # 94 or Cat#97, respectively). Cells were
infected and harvested at indicated timepointspost infection. Assay
was performed according to manufacture protocol by staining the
cells with FLICA reagent for 1h at 37°C at under 5% COy then
washed before analysis by flow cytometry.

The adenylate kinase (AK) release assay, Toxilight®BioAssay
(Lonza, Cat # LT07-217) was used to quantify necrotic cell death.
The assay was performed according to the manufacturer’s
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instructions using cell free supernatants harvested 24 hours post
infection.

Cytokine Assays

The BD™ CBA Kit (BD Bioscicnces, Cat # 552364) was uscd
to measure Interleukin-6 (IL-6), Interleukin-10 (IL-10), MCP-1,
Interferon-y (IFN-y) and TNF protein levels in a single sample.
The assay was performed according to manufacturer’s instruction.
Data was collected using a flow cytometer and analyzed with the
FCAP Array™ Software.

ELISA was used to measure secreted IL-1p, pro-IL13 and IL-
18 in cell supernatants collected 24 h post infection using BD
OptEIA™ Set Mouse IL-1B kit (BD Biosciences cat# 559603),
mouse IL-1 beta Pro-form Ready-SET-Go! ELISA Set
(eBioscience #cat. 88-8014-88 ) and Platinum Mouse IL-18 kit
(eBioscience #BMS618/2), respectively.

Western Blotting

BMDCs were seeded at a density of 0.75x 106 cells per well in
24 well plates and infected at an MOI of 10 for four hours. After
which the extracellular bacteria were washed away and the cells
were either harvested or incubated with fresh media for the
indicated time points. For cell lysis, washed cells were resuspended
in 300ul of 1x lysis buffer (50mM Tri-HCI pH 8.0, 5mM EDTA,
150mM NaCl, 1% Triton X-100) suplemented with EDTA-free
protease inhibitor cocktail ( Roche #11836170001), vortexed and
placed on iced for 5 mins. The lysed cells were centrifuged at
16,000g for 30mins at 4°C to obtain the post-nuclear supernatant
(cell lysate). 10ug of cell lysates mixed with 4x sample loading
buffer were separated on 4-20% SDS-PAGE gels and transferred
to PVDF membranes. The membrane was blocked with PBS/ 5%
drymilk for 1 hour and then incubated overnight with the primary
antibody. This was followed by incubation with HRP-conjugated
secondary antibody for 1 hour. The membrane was then de-
veloped using the chemiluminescent pico substrate (Pierce
#34078) and exposed on films (GeneMate #I-9023). The
primary antibodies used were: Anti- II-1B (R&D systems
#AF401NA) at a concentration of 0.151g/ml in 0.3% BSA and
anti- GAPDH antibody (Cell Signaling #2118) at 1:1000 dilution
in PBS/5% drymilk. The secondary antibodies used were: Donkey
anti-goat (Jackson #705-035-003) at 1:25,000 and goat anti-rabbit
(Jackson #111-035-003) at 1:50,000 dilutions respectively.

Statistical analysis

Statistical analysis was performed on at least three independent
experiments using GraphPad Prism 5.0 software and One-way
ANOVA with Tukey’s post-test unless otherwise noted in the
figure legends. Shown are representative results of triplicate values
with standard deviation. The range of p-values is indicated as
follows: * p=0.01-0.5; ** p=0.001-0.01 and *** p=0.0001-
0.001.
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