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ABSTRACT Mycoplasma pneumoniae is an atypical bacterial respiratory pathogen
known to cause a range of airway inflammation and lung and extrapulmonary pa-
thologies. We recently reported that an M. pneumoniae-derived ADP-ribosylating and
vacuolating toxin called community-acquired respiratory distress syndrome (CARDS)
toxin is capable of triggering NLRP3 (NLR-family, leucine-rich repeat protein 3) in-
flammasome activation and interleukin-1� (IL-1�) secretion in macrophages. How-
ever, it is unclear whether the NLRP3 inflammasome is important for the immune re-
sponse during M. pneumoniae acute infection. In the current study, we utilized in
vitro and in vivo models of M. pneumoniae infection to characterize the role of the
NLRP3 inflammasome during acute infection. M. pneumoniae-infected macrophages
deficient for inflammasome components NLRP3, ASC (apoptosis speck-like protein
containing a caspase activation and recruitment domain), or caspase-1 failed to pro-
cess and secrete IL-1�. The MyD88/NF-�B signaling pathway was found to be critical
for proinflammatory gene expression in macrophages infected with M. pneumoniae.
C57BL/6 mice deficient for NLRP3 expression were unable to produce IL-1� in the
airways during acute infection, and lack of this inflammatory response led to defi-
cient immune cell activation and delayed bacterial clearance. These findings are the
first to report the importance of the NLRP3 inflammasome in regulating the inflam-
matory response and influencing the progression of M. pneumoniae during acute in-
fection.
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Mycoplasma pneumoniae is an atypical bacterium that causes acute and chronic
respiratory tract infections in humans. M. pneumoniae is a significant cause of

community-acquired pneumonia and has been implicated in the initiation and exac-
erbation of asthma (1–4). Furthermore, M. pneumoniae outbreaks are an important
public health concern since numerous strains exhibiting antibiotic resistance are
emerging worldwide (5, 6). Cytadherence to the mucosal epithelium via the major
adhesin protein P1 constitutes a key virulence factor of M. pneumoniae (7). Hydrogen
peroxide and superoxide radicals generated following mycoplasma cytadherence are
considered additional virulence factors (8). The degree to which M. pneumoniae causes
severe disease can be attributed in part to the expression of these virulence factors and
the host immune response during infection (4, 8–10).

We reported previously that M. pneumoniae produces a protein toxin of 591 amino
acids, designated the community-acquired respiratory distress syndrome (CARDS) toxin
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(11, 12). CARDS toxin contains both ADP-ribosyltransferase and vacuolating activities
located in separate domains, a combination that is distinct among all bacterial toxins
(13, 14). Interestingly, CARDS toxin alone can elicit many of the hallmark pathological
features evident during and after M. pneumoniae infection, including loss of respiratory
epithelium integrity, ciliostasis, cellular vacuolization and swelling, histopathology, and
mucus metaplasia (12, 15). Importantly, CARDS toxin expression is highly upregulated
during infection, and its presence can be readily detected in airway samples from M.
pneumoniae-infected mice and humans (16, 17). Our recent studies uncovered an
intriguing mechanism by which CARDS toxin triggers secretion of interleukin-1� (IL-1�)
via direct ADP-ribosylation of NLRP3 (NLR-family, leucine-rich repeat protein 3), the
major component of the NLRP3 inflammasome complex (18).

During infection, pathogenic determinants trigger NLRP3 to self-oligomerize and
recruit ASC (apoptosis-associated speck-like protein containing a caspase activation
and recruitment domain) and procaspase-1. Tight aggregation of procaspase-1 triggers
autocleavage into p10 and p20 subunits, which heterodimerize to form active caspase-1
enzyme, resulting in the rapid processing of pro-IL-1� into biologically active IL-1� p17
(19). IL-1� secreted into the extracellular environment can amplify the inflammatory
response via paracrine or autocrine mechanisms. Inflammasome activation is preceded
by signaling events that are triggered in response to detection of pathogens or
pathogenic stimuli (20). Following stimulation, Toll-like receptors (TLRs) trigger activa-
tion of the MyD88/NF-�B or TRIF/NF-�B pathway, leading to enhanced expression of
proinflammatory genes, such as pro-IL-1� (21).

Macrophages are important producers of IL-1� and are among the predominant
immune cells that first interact with M. pneumoniae during infection (22). M. pneu-
moniae infection triggers secretion of several proinflammatory cytokines, including
tumor necrosis factor alpha (TNF-�), IL-6, and, importantly, IL-1� (23). Although CARDS
toxin was previously found to utilize an NLRP3-dependent mechanism to induce IL-1�

release from macrophages in vitro, the mechanism by which M. pneumoniae triggers
IL-1� secretion during infection is presently unclear. Furthermore, it is also unknown
whether M. pneumoniae infection initiates IL-1� secretion primarily through NLRP3
inflammasome activation and whether it plays an important role in shaping the
immune response during infection in the respiratory tract. In our current study, we
established a critical function for the NLRP3 inflammasome during in vitro and in vivo
M. pneumoniae infection. M. pneumoniae infection triggers caspase-1 activation and
IL-1� secretion using an NLRP3/ASC inflammasome-dependent mechanism in mouse
bone marrow-derived macrophages (BMDMs). MyD88-dependent NF-�B signaling was
required for a maximal inflammatory response during infection. Importantly, infected
NLRP3 knockout (KO) C57BL/6 mice displayed diminished IL-1� cytokine secretion and
bacterial clearance and incomplete innate immune cell activation compared to results
in infected wild-type (WT) C57BL/6 mice. Our findings demonstrate that M. pneumoniae
infection activates the NLRP3 inflammasome complex, leading to IL-1� secretion,
inflammation, and innate immune cell activation in the lungs of infected C57BL/6 mice.
These results also indicate that NLRP3 is critical for recruitment and activation of
neutrophils, dendritic cells (DCs), and inflammatory macrophages (IMs) during M.
pneumoniae acute infection.

RESULTS
M. pneumoniae infection induces a strong proinflammatory cytokine response

in primary mouse macrophages. M. pneumoniae is known to elicit the production of
numerous proinflammatory cytokines and chemokines during acute infection. Further-
more, because CARDS toxin alone provokes a selective inflammasome-based cytokine
response, we sought to broadly characterize the immune response to M. pneumoniae
organisms in primary mouse BMDMs. Cell culture supernatants of WT BMDMs infected
with M. pneumoniae were analyzed for cytokine levels using a multiplex bead array (Fig.
1). The proinflammatory cytokines IL-1�, IL-1�, IL-6, and TNF-� were secreted following
M. pneumoniae infection as early as 4 h postinfection; IL-6 and TNF-� levels rose sharply

Segovia et al. Infection and Immunity

January 2018 Volume 86 Issue 1 e00548-17 iai.asm.org 2

http://iai.asm.org


and remained at high levels whereas IL-1� and IL-1� levels rose steadily through the
course of infection (Fig. 1A). The cytokines and chemokines granulocyte colony-
stimulating factor (G-CSF), IP-10, keratinocyte-derived chemokine (KC), monocyte che-
moattractant protein 1 (MCP-1), macrophage inflammatory protein 1� (MIP-1�), MIP-
1�, and MIP-2 were also secreted following M. pneumoniae infection of BMDMs (Fig.
1B). Raw cytokine and chemokine values for mock- and M. pneumoniae-infected
samples in Fig. 1 are listed in Table S1 in the supplemental material. This cytokine and
chemokine profile accurately reflects reports of M. pneumoniae infection in both mice
and humans (15, 24).

We next sought to characterize the temporal processing of IL-1� during M. pneu-
moniae infection. Infection of WT BMDMs leads to rapid secretion of the proinflamma-
tory cytokines IL-6 and IL-1� into the cell culture supernatant. IL-1� is detectable in

FIG 1 Primary macrophages infected with M. pneumoniae produce proinflammatory and chemotactic cytokines. WT BMDMs were infected
with M. pneumoniae at an MOI of 100 mycoplasmas per cell. At 4, 8, and 16 h postinfection, cell culture supernatants were collected and
used in multiplex cytokine bead assays. Values for proinflammatory cytokines (A) and other cytokines and chemokines (B) were normalized
by subtracting values of the uninfected control from those of the infected animals and are represented in log scale. Time course kinetics
for IL-1� and IL-6 secretion are shown in panels C and D, respectively. (E) Immunoblot analysis of IL-1� p17 and caspase-1 p10 in cell
culture supernatants (sup) and pro-IL-1�, procaspase-1, CARDS toxin, and P1 adhesin in cell lysates of WT BMDMs infected with M.
pneumoniae. The mock-infected control is designated M. �-Actin served as the loading control. Data in panels A and B are representative
of two independent experiments with similar results; data in panels C and D are representative of two independent experiments with
similar results. h.p.i., hours postinfection; Mp, M. pneumoniae. All cytokine and chemokine levels are listed in Table S1 in the supplemental
material.
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culture supernatants as early as 4 h postinfection in very small quantities (�10 to 15
pg/ml), and secretion increases gradually as the infection persists (Fig. 1C) while IL-6 is
detected as early as 2 h postinfection in the supernatants (Fig. 1D). IL-1� p17 is
detectable at 8 h postinfection in the supernatants of infected cells by immunoblot
analysis (Fig. 1E). In mock-infected controls, IL-1� and IL-6 were undetectable at all time
points (Fig. 1C and D). Interestingly, analysis of cell lysates revealed that pro-IL-1� is
expressed as early as 2 h postinfection (Fig. 1E). Processing of the precursor protein
pro-IL-1� to biologically active mature IL-1� requires activated caspase-1. As the
time course demonstrates (Fig. 1E), M. pneumoniae infection triggered activation of
procaspase-1, resulting in release of the caspase-1 p10 subunit into cell culture
supernatants at 16 h postinfection, around the same time when mature IL-1� can be
readily detected. Early detection of M. pneumoniae P1 adhesin protein in the macro-
phage cell lysate indicates mycoplasma infection although P1 protein levels drop off
dramatically beginning at 8 h postinfection (Fig. 1E). Interestingly, CARDS toxin protein
levels in the cell lysate peak at 4 h postinfection and remain readily detectable
throughout the duration of the infection (Fig. 1E).

NLRP3 is required for inflammasome activation and IL-1� processing during M.
pneumoniae infection. The temporal relationship between CARDS toxin and IL-1�

secretion (18) prompted us to explore the role of NLRP3 during M. pneumoniae
infection by comparing BMDMs from WT and NLRP3 KO C57BL/6 mice. Analysis of cell
culture supernatants by enzyme-linked immunosorbent assay (ELISA) revealed that
following M. pneumoniae infection, NLRP3 KO BMDMs secreted drastically reduced
levels of the cytokine IL-1� compared to those of WT BMDMs (Fig. 2A). As a comparison,
we also infected BMDMs from NLRP1 KO C57BL/6 mice. NLRP1 KO BMDMs infected with
M. pneumoniae showed slightly decreased but statistically insignificant differences in
IL-1� levels compared to those of WT BMDMs (Fig. 2A). Despite the differences in IL-1�

secretion levels, no differences in IL-6 secretion levels were detected between WT,
NLRP3 KO, and NLRP1 KO BMDMs infected with M. pneumoniae (Fig. 2B). Immunoblot
analysis revealed pro-IL-1� protein expression in both WT and NLRP3 KO BMDMs (Fig.
2C). However, IL-1� p17 protein was detected only in the supernatants of infected WT

FIG 2 NLRP3, but not NLRP1, is required for inflammasome activation and IL-1� secretion during M. pneumoniae infection. Cell culture
supernatants from WT, NLRP3 KO, and NLRP1 KO BMDMs infected with M. pneumoniae were assayed by ELISA for IL-1� (A) and IL-6 (B)
levels. (C) Immunoblot analysis of IL-1� p17 in supernatants and pro-IL-1�, CARDS toxin, and P1 adhesin in cell lysates of WT and NLRP3
KO BMDMs infected with M. pneumoniae. The mock-infected control is designated M. �-Actin served as the loading control. Data are
representative of three independent experiments with similar results. **, P � 0.01. h.p.i., hours postinfection.
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BMDMs and not in those of NLRP3 KO BMDMs (Fig. 2C). Analysis of P1 and CARDS toxin
proteins in the experiment shown in Fig. 2C showed a pattern similar to that observed
in the experiment shown in Fig. 1E. This pattern also held true through all remaining
experiments and further implicate NLRP3 as a major inflammasome component re-
quired to trigger IL-1� processing and secretion during M. pneumoniae infection.

Caspase-1 and ASC are required for IL-1� processing during M. pneumoniae
infection. Activation and oligomerization of NLRP3 lead to recruitment of ASC and
procaspase-1 and formation of the inflammasome complex. We next tested the re-
quirement of caspase-1 and ASC for inflammasome formation and IL-1� secretion. We
infected WT, caspase-1 KO, and ASC KO BMDMs with M. pneumoniae and looked for
evidence of caspase-1 activation as well as cleavage of pro-IL-1�. Analysis of cell culture
supernatants by ELISA revealed complete loss of IL-1� secretion in infected caspase-1
KO and ASC KO BMDMs in contrast to results in WT BMDMs (Fig. 3A). In contrast, IL-6
secretion, which occurs independently of inflammasome activation, was at comparable
levels regardless of cell type (Fig. 3B), demonstrating that the ability of M. pneumoniae
to activate other inflammatory pathways was not compromised. Consistent with our
NLRP3 data, we observed upregulation of pro-IL-1� in cell lysates of infected caspase-1
and ASC KO BMDMs (Fig. 3C). Lysates were also probed for procaspase-1 and ASC to
confirm KO status (data not shown). Together, these data demonstrate that M. pneu-
moniae infection leads to caspase-1 cleavage and IL-1� processing in macrophages via
the NLRP3/ASC inflammasome complex.

Proinflammatory gene upregulation during M. pneumoniae infection is medi-
ated by the MyD88/NF-�B pathway. Activation of the transcription factor NF-�B is
known to upregulate the expression of many proinflammatory genes, such as pro-IL-1�

(25). Therefore, we tested whether the M. pneumoniae-induced proinflammatory re-
sponse required NF-�B activation by utilizing the irreversible NF-�B inhibitor BAY11-
7082. WT BMDMs were pretreated with either dimethyl sulfoxide (DMSO; vehicle
control) or BAY11-7082, followed by infection with M. pneumoniae. Analysis of cell
culture supernatants by ELISA revealed almost complete abolishment of IL-1� secretion
in the BAY11-7082-treated infected cells (Fig. 4A). Since IL-6 is an NF-�B-dependent
gene, IL-6 secretion was also dramatically inhibited in BAY11-7082-treated BMDMs
infected with M. pneumoniae, as expected (Fig. 4B). Immunoblot analysis revealed
complete lack of pro-IL-1� expression in lysates of BAY11-7082-treated M. pneumoniae-

FIG 3 Caspase-1 and ASC are required for inflammasome activation and IL-1� processing during M. pneumoniae infection. Cell culture
supernatants from WT, caspase-1 KO, and ASC KO BMDMs infected with M. pneumoniae were assayed by ELISA for IL-1� (A) and IL-6 (B)
levels. (C) Immunoblot analysis for pro-IL-1� in cell lysates of WT, ASC KO, and caspase-1 KO BMDMs infected with M. pneumoniae. The
mock-infected control is designated M. �-Actin served as the loading control. Data are representative of two independent experiments
with similar results. **, P � 0.01. h.p.i., hours postinfection.
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infected cells in contrast to results in DMSO-treated M. pneumoniae-infected cells (Fig.
4C). Caspase-1 p10 protein was detected in BAY11-7082-treated cells infected with M.
pneumoniae, albeit at visibly lower levels than in DMSO-treated infected cells. This is
likely due to reduced NLRP3 inflammasome activation resulting from diminished NLRP3
expression, which is regulated by NF-�B.

Next, we sought to determine if NF-�B signaling was MyD88 dependent since
MyD88 represents one of the major TLR adaptor proteins required for upregulation of
proinflammatory genes during infection (21). MyD88 KO BMDMs infected with M.
pneumoniae showed complete loss of IL-1� (Fig. 5A) and IL-6 (Fig. 5B) secretion into the
cell culture supernatant. Expression of pro-IL-1� protein in the cell lysates was abol-
ished in infected MyD88 KO BMDMs (Fig. 5C). While procaspase-1 protein levels were
similar between WT and MyD88 KO BMDMs, caspase-1 p10 levels were noticeably lower
in the lysates of infected MyD88 KO BMDMs (similar to the results shown in Fig. 4C),
indicating reduced procaspase-1 processing as a likely result of diminished NLRP3
expression. Our observations implicate the MyD88/NF-�B pathway as the critical sig-
naling pathway necessary for detecting M. pneumoniae infection in vitro.

NLRP3 is critical for the innate immune response against M. pneumoniae
infection in vivo. Our studies identified NLRP3 as indispensable for inflammasome
activation and IL-1� secretion during M. pneumoniae infection in mouse BMDMs. Next,
we determined the role of NLRP3 during in vivo M. pneumoniae infection. WT and
NLRP3 KO C57BL/6 mice were infected intranasally with M. pneumoniae (7 log10 CFU)
for 2 and 7 days, and bronchoalveolar lavage fluids (BALFs) were analyzed by ELISA to
quantify levels of IL-1� and IL-6. Infected NLRP3 KO mice showed almost complete loss
of IL-1� secretion into the extracellular alveolar space compared to levels in WT mice
at 2 days postinfection (Fig. 6A). However, IL-6 cytokine levels were similar (Fig. 6B).
IL-1� levels were undetectable in all mock-infected mice and in M. pneumoniae-infected
mice at 7 days postinfection (data not shown). Analysis of BALFs by quantitative PCR
(qPCR) revealed a significantly higher bacterial load in NLRP3 KO mice than in WT mice
(2.24 � 106 versus 4.8 � 105 CFU, respectively) at 2 days postinfection (Fig. 6C). A larger

FIG 4 NF-�B signaling is required for expression of proinflammatory genes and inflammasome activation during M. pneumoniae infection.
Cell culture supernatants from M. pneumoniae-infected WT BMDMs treated with the NF-�B inhibitor BAY11-7082 were assayed by ELISA
for IL-1� (A) and IL-6 (B) levels. (C) Immunoblot analysis of IL-1� p17 and caspase-1 p10 in supernatants and pro-IL-1� and procaspase-1
in cell lysates of vehicle (DMSO-treated) or BAY11-7082-treated WT BMDMs infected with M. pneumoniae. The mock-infected control is
designated M. �-Actin served as the loading control. Data are representative of three independent experiments with similar results. *, P �
0.05; **, P � 0.01; ***, P � 0.001. h.p.i., hours postinfection.
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difference in bacterial load was present in NLRP3 KO mice than in WT mice (9.7 � 105

versus 9.8 � 104, respectively) at 7 days postinfection (Fig. 6D). These data suggest that
NLRP3 is required for IL-1� secretion in the lungs during M. pneumoniae infection and
that loss of IL-1� secretion results in reduced bacterial clearance.

Lastly, we used flow cytometry analysis in order to characterize the innate immune
cell populations present in the lungs of NLRP3 KO and WT mice at 2 days postinfection.
Analysis of innate immune cells revealed a significant increase in total lung CD11b�

neutrophil populations following M. pneumoniae infection in both WT and NLRP3 KO
mice compared to levels in mock-infected mice (Fig. 7A). Interestingly, the population
of activated (CD11b� Ly6G�) neutrophils was significantly higher in infected WT
mice than in infected NLRP3 KO mice (Fig. 7B). Additionally, both dendritic cell (DC) and
inflammatory macrophage (IM) cell populations were significantly higher in M. pneu-
moniae-infected WT mice than in mock-infected and NLRP3 KO mice (Fig. 7C and D).
Our results indicate that NLRP3 is critical for recruitment and activation of neutrophils,
DCs, and IMs during M. pneumoniae infection.

DISCUSSION

In this study, we characterized the role of NLRP3 in the innate immune response
against M. pneumoniae. Infection of mouse BMDMs with M. pneumoniae stimulated
inflammasome complex formation that resulted in activation of caspase-1 and secre-
tion of IL-1� into cell culture supernatants. Inflammasome activation was found to be
dependent on the proteins NLRP3, ASC, and procaspase-1. In addition, the MyD88/
NF-�B signaling pathway was essential for increasing gene expression of pro-IL-1� and
IL-6 following M. pneumoniae infection. We then utilized the C57BL/6 animal model in
order to study the physiological relevance of NLRP3 during M. pneumoniae infection.
Mice that were deficient in NLRP3 expression were unable to secrete IL-1� into the
lungs during infection. However, with TLR-MyD88-NF-�B signaling unaffected, NLRP3
KO mice were still capable of detecting M. pneumoniae, resulting in secretion of IL-6
at levels comparable to those of WT mice. Lack of IL-1�-mediated inflammation
in infected NLRP3 KO mice resulted in a significantly diminished ability to clear

FIG 5 MyD88 signaling is required for expression of proinflammatory genes and inflammasome activation during M. pneumoniae
infection. Cell culture supernatants from WT and MyD88 KO BMDMs infected with M. pneumoniae were assayed by ELISA for IL-1� (A) and
IL-6 (B) levels. (C) Immunoblot analysis of IL-1� p17 and caspase-1 p10 in supernatants and pro-IL-1� and procaspase-1 in cell lysates of
WT and MyD88 KO BMDMs infected with M. pneumoniae. The mock-infected control is designated M. �-Actin served as the loading
control. Data are representative of three independent experiments with similar results. ***, P � 0.001. h.p.i., hours postinfection.
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M. pneumoniae from the lungs. We observed that loss of the IL-1�-mediated inflam-
matory response resulted in inadequate trafficking and activation of innate immune
cells in the lungs, including neutrophils, dendritic cells (DCs), and inflammatory mac-
rophages (IMs). These findings suggest an important role for NLRP3 in activating the
inflammatory response for the host defense against M. pneumoniae infection.

M. pneumoniae-mediated disease progression is markedly influenced by myco-
plasma virulence factors and the host proinflammatory response during acute infection
(15, 23, 26, 27). The innate immune defense against invading respiratory pathogens
must be carefully controlled in order to suppress pathogen growth and minimize
collateral damage to the lungs caused by both virulence factors and hyperinflammation
(28). In this study, we utilized type 2 strain M. pneumoniae S1 due to its physiological
relevance as a human clinical isolate and potential to stimulate enhanced inflammation
and pathology during infection (29). We previously reported that M. pneumoniae
CARDS toxin selectively ADP-ribosylates NLRP3, a homeostatic sensor protein important
for regulating the inflammatory response via assembly of the inflammasome complex,
thereby activating the NLRP3 inflammasome (18). While detection of a pathogen
triggers expression of proinflammatory cytokines, such as pro-IL-1�, it is the inflam-
masome complex that is critical for facilitating caspase-1 activation and processing of
pro-IL-1� into biologically active IL-1�. Numerous studies have highlighted the impor-
tance of NLRP3 in determining the outcome of host-pathogen interactions (30–33).
Although the pathological outcomes of M. pneumoniae infection have been well
studied for decades, information on the mechanism of the inflammatory response to M.
pneumoniae is limited.

Infection of macrophages with M. pneumoniae S1 resulted in a classical proinflam-
matory response, whereby IL-6 secretion occurred early and was closely followed by
inflammasome activation and IL-1� secretion (Fig. 1). M. pneumoniae infection was
confirmed by detection of P1 adhesin and CARDS toxin, two important virulence
factors, in lysates of infected macrophages (Fig. 1E). In contrast, M. pneumoniae

FIG 6 NLRP3 is required to elicit IL-1� production and to partly inhibit M. pneumoniae growth in vivo. WT and NLRP3 KO C57BL/6 mice
were infected with M. pneumoniae (7 log10 CFU) for 2 days and 7 days. IL-1� (A) and IL-6 (B) levels in BALFs from 2-day-infected lungs were
measured by ELISA. BALFs from mice at 2 days (C) and 7 days (D) postinfection were also analyzed for quantification of M. pneumoniae
genomes by qPCR. *, P � 0.05; ***, P � 0.001.
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infection of NLRP3 KO macrophages resulted in drastically reduced IL-1� secretion
compared to levels in infected WT macrophages (Fig. 2A), whereas IL-6 secretion was
unaffected (Fig. 2B). The drastic reduction in IL-1� secretion was due to the inability to
process the cytokine since pro-IL-1� protein levels in infected NLRP3 KO BMDMs were
comparable to, if not slightly higher than, those in WT BMDMs. Lack of NLRP3 expression
prevented inflammasome complex formation, leading to hindered caspase-1 activation and
IL-� processing. Interestingly, although we detected low levels of IL-1� in supernatants of
infected NLRP3 KO BMDMs by ELISA, we were unable to detect the IL-1� p17 protein by
immunoblotting (Fig. 2A and C). It is possible that pro-IL-1� was being detected in the
supernatant by ELISA, likely a result of low levels of macrophage cell death after 8 h of
infection. An alternative mechanism may involve use of the protein AIM2, which
activates the inflammasome in response to detecting double-stranded DNA (34). When
analyzing protein levels of CARDS toxin and P1 adhesin, we detected no discernible
differences between infected NLRP3 KO and WT BMDMs. Thus, NLRP3 likely does not
directly affect M. pneumoniae growth or CARDS toxin expression. Indeed, through the
course of our study, we observed no difference in patterns of CARDS toxin or P1
adhesin protein levels, and, as such, we included immunoblots of these proteins in only
Fig. 1 and 2. In comparison to infection of NLRP3 KO macrophages, infection of NLRP1
KO macrophages with M. pneumoniae yielded secretion levels of both IL-1� and IL-6
comparable to those in infected WT macrophages. NLRP1 is a closely related inflam-
masome sensor to NLRP3 but is activated in response to different stimuli, such as
anthrax lethal toxin, muramyl dipeptide (MDP), and Toxoplasma gondii (35). This further
reinforces the specific requirement of the NLRP3 inflammasome for IL-1� production
during M. pneumoniae infection.

Given the important roles of ASC and caspase-1 during inflammasome function, we
next tested the requirements of these proteins for inflammasome-dependent IL-1�

secretion. We observed complete loss of IL-1� secretion, but not pro-IL-1� expression,
in infected ASC KO and caspase-1 KO BMDMs (Fig. 3A, C, and D). Infected ASC KO and

FIG 7 Characterization of innate immune cell populations in lungs of WT and NLRP3 KO C57BL/6 mice
infected with M. pneumoniae S1 for 2 days. Lungs from mock-infected or S1-infected WT and NLRP3 KO
C57BL/6 mice were harvested, digested, and analyzed by fluorescence-activated cell sorting. Identified
cell populations include total neutrophils (A), activated neutrophils (B), dendritic cells (C), and inflam-
matory macrophages (D). Cell populations in infected lungs were normalized to mock-infected cell
populations by subtracting values of the uninfected controls from those of the infected animals. *, P �
0.05; **, P � 0.01.
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caspase-1 KO BMDMs were still able to secrete levels of IL-6 equivalent to those of
infected WT BMDMs (Fig. 3B). Thus, all three inflammasome components (NLRP3, ASC,
and caspase-1) are required during M. pneumoniae infection for IL-1� processing but
are not necessary for pro-IL-1� protein expression or IL-6 secretion. These data also
indicate that the cellular machinery required for detection of M. pneumoniae during
infection remained intact, allowing the BMDMs to express and secrete IL-6 into the
supernatant. Our results demonstrate that M. pneumoniae infection in macrophages
triggers the NLRP3/ASC/caspase-1 inflammasome, leading to activation and secretion
of IL-1�. These data support other published reports of the NLRP3/ASC/caspase-1
inflammasome as a key mediator of inflammation during bacterial infection (33, 36).

Membrane-bound pattern recognition receptors (PRRs), such as Toll-like receptors
(TLRs), are important for detecting pathogen-associated molecular patterns (PAMPs)
during infection (25). M. pneumoniae is an atypical bacterium that does not possess a
cell wall and, as such, does not contain classical TLR triggers, like lipopolysaccharide
(LPS). A limited number of studies have identified M. pneumoniae surface lipoproteins
that are capable of triggering TLR-MyD88 activation, leading to production of proin-
flammatory cytokines such as IL-6 (37, 38). Stimulation of IL-6 in the KO BMDMs is likely
due to sensing of M. pneumoniae lipoproteins by TLRs. MyD88 is critical for executing
a signal transduction cascade that activates the transcription factor NF-�B, which
translocates to the nucleus to express proinflammatory genes. TLR/MyD88/NF-�B
activation serves as a first signal to the target cell, indicating that a pathogen is present
and that upregulation of proinflammatory genes is necessary to successfully combat
the pathogen (39). A second signal, such as extracellular ATP, reactive oxygen species
(ROS), or potassium efflux, is required to trigger assembly of the inflammasome complex,
leading to caspase-1 activation and IL-1� processing (18). The importance of the
MyD88/NF-�B pathway for detection and clearance of M. pneumoniae by macrophages
in the lungs of C57BL/6 mice has been previously explored (40). Here, we identified the
MyD88/NF-�B pathway as being essential for IL-1� secretion in response to M. pneu-
moniae infection (Fig. 4 and 5). Pharmacological inhibition of NF-�B by BAY11-7082
(Fig. 4) or the absence of MyD88 (Fig. 5) resulted in abolishment of IL-1� and IL-6
secretion and expression, further demonstrating the importance of the MyD88/NF-�B
pathway in initiating the proinflammatory response during M. pneumoniae infection.
Importantly, caspase-1 activation was still readily detected in BAY11-7082-treated
BMDMs (Fig. 4C) or MyD88 KO BMDMs (Fig. 5C) infected with M. pneumoniae, indicating
that the macrophage’s ability to activate inflammasome remained intact. It was the
inhibition of proinflammatory gene upregulation (via inhibition of MyD88/NF-�B) that
led to the abolishment of IL-1� and IL-6 secretion. DMSO-treated macrophages infected
with M. pneumoniae displayed slightly dampened pro-IL-1� protein levels at 16 h
postinfection, possibly due to mild toxic effects of DMSO at low (�0.1%) concentra-
tions. These data reinforce previous findings (40) on the importance of the macrophage
MyD88/NF-�B signaling pathway in initiating the proinflammatory response during M.
pneumoniae infection.

Next, we tested the physiological role of NLRP3 during M. pneumoniae infection in
the C57BL/6 animal model. In agreement with our in vitro findings, NLRP3 KO mice
infected with M. pneumoniae, in contrast to WT mice, failed to secrete IL-1� into the
airway (Fig. 6A); IL-6 secretion was unaffected (Fig. 6B). No detectable levels of IL-1� or
IL-6 were measurable in the BALFs of infected mice at 7 days postinfection. Interest-
ingly, bacterial clearance was compromised in NLRP3 KO mice compared with clearance
in WT mice at both 2 days and 7 days postinfection (Fig. 6C and D, respectively). At 2
days postinfection, NLRP3 KO mice had a 5-fold-higher bacterial burden than WT mice.
This phenomenon was more pronounced at 7 days postinfection, with NLRP3 mice
displaying a 10-fold-higher bacterial burden than WT mice. It is important to note that
qPCR analysis revealed a significant difference in M. pneumoniae genome equivalents
between infected WT and NLRP3 KO mice; however, the data do not signify viable
mycoplasma CFU counts. Strikingly similar NLRP3-associated bacterial clearance phe-
nomena have been observed with Streptococcus pneumoniae and Helicobacter pylori
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(41, 42). Thus, our data support the notion that NLRP3 is critical for triggering the
IL-1�-mediated inflammatory response early during acute infection. Lack of this re-
sponse diminishes M. pneumoniae clearance from the airways.

It is well established that clearance of M. pneumoniae is facilitated by phagocytic
cells of the innate immune system that are either recruited to or resident in the lungs
during infection. Therefore, we explored the role of NLRP3 in recruitment and activation
of neutrophils, DCs, and IMs into the lungs during M. pneumoniae infection. Neutro-
phils, DCs, and IMs play a critical role in bacterial clearance. Through flow cytometry
analysis, we observed that trafficking of CD11b� F4/80� neutrophils into the lungs of
M. pneumoniae-infected mice is significantly increased at 2 days postinfection com-
pared to levels in mock-infected controls. However, there were no significant differ-
ences in total neutrophils between infected NLRP3 KO and WT mice (Fig. 7A). Upon
detailed analysis, we observed significantly reduced numbers of Ly6G� activated
neutrophils in infected NLRP3 KO mice compared to numbers in WT mice (Fig. 7B).
Furthermore, we noted a much more drastic absence of CD11c� F4/80� DCs (Fig. 7C)
and CD11c� F4/80� CD11b� IMs (Fig. 7D) in infected NLRP3 KO mice than in WT mice.
These results highlight an important role of IL-1� in recruiting and activating in the
lung innate immune cells that are critical for bacterial clearance. Our results are in line
with inflammasome regulation of the innate immune response during infection by
altering (i) the function of DCs and macrophages (43), (ii) the inflammatory response
and adaptive immune response (44), and (iii) cell death pathways (i.e., apoptosis and
pyroptosis).

The current study provides insight into the host-pathogen interaction during acute
M. pneumoniae infection. The initial stages of M. pneumoniae infection are characterized
by mycoplasma adherence to the host respiratory epithelium and production of
mycoplasma virulence factors, especially large amounts of the ADP-ribosylating and
vacuolating CARDS toxin (8, 12). Cytadherence and subsequent colonization of M.
pneumoniae and synthesis of CARDS toxin trigger a strong proinflammatory response
in the host, leading to production of proinflammatory cytokines (IL-1�, IL-6, and TNF-�),
peribronchiolar infiltration of immune cells, and pulmonary injury (15, 45). Our results
detail the specific requirement of the NLRP3 inflammasome in IL-1� secretion and in
regulating the inflammatory response during M. pneumoniae infection. Also, we dem-
onstrate that the IL-1�-mediated response is essential for activation of innate immune
cells involved in clearance of M. pneumoniae during infection. These data reinforce the
relevance of examining the mechanism of action of M. pneumoniae CARDS toxin on the
host inflammatory response during M. pneumoniae acute infection. We envision that
CARDS toxin is the most significant virulence factor produced by M. pneumoniae during
infection and that CARDS toxin-mediated activation of the NLRP3 inflammasome
benefits M. pneumoniae colonization and/or survival through a yet uncharacterized
mechanism(s). It is possible that CARDS toxin-mediated alteration of normal NLRP3
function results in a hyperinflammatory state that hinders M. pneumoniae clearance
during later stages of infection. A recent study found that temporally altered NLRP3
activation resulted in a detrimental inflammatory response that failed to protect the
host from influenza A virus (IAV) infection (46). Although our data suggest that NLRP3
is protective during M. pneumoniae infection under the conditions we analyzed, it is
unknown whether persistent bacterial infection and CARDS toxin synthesis trigger a
greater than normal or prolonged inflammatory state. We expect that, depending on
the infectious dose, toxin expression level, and state of infection, CARDS toxin-activated
NLRP3 can either protect the host or alter the host’s ability to control the inflammatory
response, allowing M. pneumoniae to take advantage of an exhausted immune state. In
order to address these questions, our future studies will utilize a CARDS toxin-deficient
mutant of M. pneumoniae. These studies will help us decipher the mechanism(s) by
which CARDS toxin impacts the immune response at the cellular level to provide an
advantage for M. pneumoniae during infection. We will also focus our studies on the
function of host innate immune cells affected by CARDS toxin during the course of M.
pneumoniae infection. Understanding the downstream consequences of NLRP3 inflam-
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masome activation by CARDS toxin will offer insights into new therapeutic approaches
that control and prevent mycoplasma infection and inflammatory disease progression.

MATERIALS AND METHODS
Organism and growth conditions. M. pneumoniae type 2 strain S1 was grown in SP4 broth in T-150

cell culture flasks at 37°C for 3 days. Adherent mycoplasma colonies were gently washed once with warm
SP4 broth and harvested in 5 ml of SP4 broth by scraping. Cultures were then passed through a 25-gauge
needle three times in a 50-ml conical tube. Utilizing this method, we consistently achieved a final
concentration of 5 � 109 CFU per ml. Viable mycoplasma were determined by assaying color change
units (CCU) and CFU in SP4 broth and agar plates.

Cell culture. Bone marrow-derived macrophages (BMDMs) were obtained by harvesting bone
marrow from femurs and tibias of 8- to 12-week-old C57BL/6 mice as described previously (47). Briefly,
bone marrow cells were differentiated into macrophages by culturing in 10-cm petri dishes for 10 days
in RPMI 1640 medium containing 10% fetal bovine serum (FBS), 100 IU/ml penicillin, 100 �g/ml
streptomycin, and 20 ng/ml recombinant granulocyte-macrophage colony-stimulating factor (GM-CSF;
Peprotech). Macrophages were washed three times with ice-cold Dulbecco’s phosphate-buffered saline
(DPBS) and incubated for 30 min at 4°C with DPBS supplemented with 5 mM EDTA. Cells were removed
through gentle pipetting, centrifuged, resuspended in complete BMDM medium, and transferred to
12-well cell culture plates at a concentration of 5 � 105 cells per well, in a final volume of 1 ml of
complete medium. Cells were allowed to recover for 48 h before any treatments or infections were
performed. BMDMs were infected with M. pneumoniae (5 � 107 CFU in 10 �l of SP4 broth) to achieve a
final multiplicity of infection (MOI) of 100 mycoplasmas per BMDM in a total of 1 ml of complete medium;
this MOI was determined to be optimal for assessing BMDM responsiveness. Supernatants and cells were
harvested at various times postinfection for ELISA and immunoblot analysis. Wild-type (WT) and NLRP3
KO C57BL/6 mice were purchased from Jackson Laboratories. MyD88 KO mice were provided by Michael
Berton (University of Texas Health Science Center, San Antonio [UTHSCSA], TX). ASC KO and caspase-1 KO
BMDMs were provided by Norberto González-Juarbe and Carlos J. Orihuela (University of Alabama at
Birmingham).

Animals. Eight- to 12-week-old male and female WT and NLRP3 KO C57BL/6 mice were anesthetized
via isoflurane in a rodent anesthesia machine as described previously (15). Following stable sedation,
mice were infected intranasally (i.n.) once with 7 log10 CFU of M. pneumoniae in 40 �l of SP4 broth.
Uninfected WT and NLRP3 KO mice received a single 40-�l dose of sterile SP4 broth i.n.; animals from
each group were euthanized, and samples were collected at 2 days and 7 days postinfection for
functional studies. Then, cytokine/chemokine, flow cytometry, and mycoplasma genome analyses were
performed. Mice were housed in filter-top cages in a biosafety level 2 (BSL2) vivarium, and animal
guidelines were strictly followed in accordance with the Institutional Animal Care and Use Committee at
the University of Texas Health Science Center at San Antonio.

Sample collection and analysis. Mouse serum and bronchoalveolar lavage fluids (BALFs) were
collected at 2 and 7 days postinfection (n � 4 per group). BALF was harvested using 1.5 ml of
phosphate-buffered saline (PBS) with complete protease inhibitor cocktail (Roche). For M. pneumoniae
genome quantification, DNA was purified from 200 �l of unclarified BALF and analyzed for CARDS toxin
gene copy numbers using a StepOnePlus system (Applied Biosystems) as described previously (29, 48).
The remaining BALF was clarified by centrifugation, aliquoted, and frozen at �80°C until further analysis.

Multiplex cytokine bead assay and ELISA kits. A 25-plex proinflammatory cytokine/chemokine
panel assay kit was purchased from Millipore, and multiplex analysis was performed at the Bioanalytics
and Single-Cell Core (BASiC) at UTHSCSA. ELISA kits specific for mouse IL-1� and mouse IL-6 were
purchased from Affymetrix-eBioscience.

Reagents and antibodies. BAY11-7082, an inhibitor that prevents activation of NF-�B (49), was
purchased from Sigma and reconstituted in cell culture-grade DMSO (Sigma). For immunoblotting,
primary antibodies (dilutions) were purchased as follows: goat anti-mouse IL-1� p17 (1:2,000) from R&D
Systems, mouse anti-actin (1:20,000) from Sigma, rabbit anti-mouse caspase-1 p10 (1:500) from Santa
Cruz, and mouse anti-ASC (1:1,000) from EMD Millipore. Rabbit anti-CARDS toxin (1:20,000) and rabbit
anti-P1 adhesin (1:20,000) were produced in-house. The following horseradish peroxidase (HRP)-
conjugated secondary antibodies (dilutions) were purchased from Jackson ImmunoResearch: donkey
anti-goat (1:2,500), goat anti-mouse (1:5,000), and goat anti-rabbit (1:5,000).

Flow cytometry analysis. Lungs from M. pneumoniae strain S1-infected mice at 2 days postinfection
were harvested, gently chopped, and digested with collagenase (1 mg/ml; Sigma) in RPMI medium with
gentle agitation for 30 min. The digested tissue was then passed through 70-�m- and 40-�m-pore-size
cell strainers (Falcon) and treated with ammonium-chloride-potassium (ACK) lysing buffer for 3 min to
lyse erythrocytes. Cells were then washed, resuspended in ice-cold staining buffer (1% bovine serum
albumin, 10 mM EDTA, 0.1% sodium azide in 1� Gibco DPBS), and counted. For staining, 0.5 �g of each
of the following antibodies was used per sample of 106 cells: rat anti-mouse CD16/CD32 Fc Block,
phycoerythrin (PE)-conjugated anti-mouse CD45, and PE-Cy7 anti-mouse CD11b (BD Biosciences); Alexa
Fluor 647 anti-mouse F4/80, Pacific Blue anti-mouse CD11c, and peridinin chlorophyll protein (PerCP)-
Cy5.5 anti-mouse Ly-6G (Biolegend). UltraComp eBeads (eBioscience) and ghost dyes (Tonbo) were used
for single-color compensation controls and exclusion of dead cells, respectively. Samples were fixed with
2% paraformaldehyde in staining buffer prior to analysis.

Statistical analysis. Data were checked for normal distribution and then analyzed using GraphPad
Prism, version 6.0, and Microsoft Excel software. Where shown, data correspond to means � standard
deviations (SD). Data in Fig. 7A and B were analyzed using Student’s t test on Microsoft excel. All other
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data were analyzed using two-way analysis of variance (ANOVA) with Bonferroni’s multiple-comparison
test in GraphPad Prism. Data were considered significant different at a P value of �0.05.
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