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L-plastin enhances NLRP3 inflammasome assembly
and bleomycin-induced lung fibrosis
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In brief

In this study, Joshi et al. identify a crucial
modulator, L-plastin, in lung
inflammation. L-plastin supports the
macrophage inflammatory response to
enhance lung fibrosis during lung injury
by connecting inflammation and
mechanical stimuli in a process called
mechanotransduction. The findings from
this study will help determine efficient
targets for diagnosis and treatment of
lung inflammatory diseases.
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SUMMARY

Macrophage adhesion and stretching have been shown to induce interleukin (IL)-1B production, but the
mechanism of this mechanotransduction remains unclear. Here we specify the molecular link between
mechanical tension on tissue-resident macrophages and activation of the NLRP3 inflammasome, which
governs IL-1B production. NLRP3 activation enhances antimicrobial defense, but excessive NLRP3 activity
causes inflammatory tissue damage in conditions such as pulmonary fibrosis and acute respiratory
distress syndrome. We find that the actin-bundling protein L-plastin (LPL) significantly enhances NLRP3
assembly. Specifically, LPL enables apoptosis-associated speck-like protein containing a caspase activa-
tion and recruitment domain (ASC) oligomerization during NLRP3 assembly by stabilizing ASC interactions
with the kinase Pyk2, a component of cell-surface adhesive structures called podosomes. Upon treatment
with exogenous NLRP3 activators, lung-resident alveolar macrophages (AMs) lacking LPL exhibit reduced
caspase-1 activity, IL-1B cleavage, and gasdermin-D processing. LPL~’~ mice display resistance to bleo-
mycin-induced lung injury and fibrosis. These findings identify the LPL-Pyk2-ASC pathway as a target for

modulation in NLRP3-mediated inflammatory conditions.

INTRODUCTION

Macrophage adhesion and stretching induce the pro-inflamma-
tory mediator interleukin (IL)-1B. The process by which adhesion
or mechanical stress is sensed by a cell and converted to
a chemical signal is called mechanotransduction. Multiple
inflammatory disease states, such as bacterial pneumonia,
lung fibrosis, and acute respiratory distress syndrome, are
characterized by changes in tissue compliance (i.e., stiffness).
Understanding how macrophages convert mechanical signals
to IL-1B production may illuminate the pathogenesis of multiple
human disease states.

Here we identify a previously unrecognized mediator, L-plastin
(LPL), in adhesion-regulated IL-1B production in macrophages
via the nucleotide-binding oligomerization domain (NOD),
leucine-rich repeat (LRR)-containing proteins (NLR) family pro-
tein 3 (NLRP3) inflammasome pathway. NLRP3 activation drives
essential anti-pathogen responses by producing pro-inflamma-
tory cytokines, such as IL-1f and IL-18, whereas overabundant
NLRP3 activation can trigger autoinflammatory diseases.
NLRP3 activation relies on signaling through two distinct path-
ways. First, a priming signal is provided via Toll-like receptor
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(TLR) activation of nuclear factor kB (NF-kB) (Joshi et al., 2021)
to upregulate synthesis of pro-IL-18 and inflammasome
components; in addition, priming is sufficient for production of
certain pro-inflammatory mediators, such as tumor necrosis
factor alpha (TNF-o) and IL-6 (Petrilli et al., 2005; Hirano
etal., 2017; John et al., 2019). Second, an activation (assembly)
signal induces oligomerization of inflammasome components,
resulting in auto-activation of caspase-1, which then cleaves
pro-IL-1B to its bioactive form (Martinon et al., 2002; Petrilli
et al., 2005). NLRP3-activating signals are initiated by patho-
gens or host-derived damage-associated molecular patterns
(DAMPs), such as uric acid (Martinon et al., 2006) or ATP (Le Feu-
vre et al., 2002). NLRP3 engages with the inactive pro-form of
caspase-1 through an adaptor called ASC (apoptosis-associ-
ated speck-like protein containing a caspase activation and
recruitment domain [CARD]) (Srinivasula et al., 2002).
Previously, macrophages deficient in the actin-bundling protein
LPL have been noted to exhibit diminished IL-1f production upon
adhesion to tissue culture plates (Chen et al., 2003). LPL, also
called leukocyte cytosolic protein-1 (LCP-1), is conserved in hu-
mans and mice (Shinomiya et al., 1994) and is normally expressed
only in hematopoietic cells (Goldstein et al., 1985; Lin et al., 1993).
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LPL is also aberrantly expressed in non-immune malignant cells
(Goldstein et al., 1985; Lin et al., 1993). Ectopic LPL expression
is found in many invasive metastatic human cancers, such as mel-
anoma (Klemke et al., 2007), breast cancer (Tiedemann et al.,
2019), colorectal cancer (Otsuka et al., 2001), and prostate cancer
(Chenetal.,, 2017), and is considered a diagnostic marker in many
solid tumors (Strickler et al., 2014).

LPL supports formation of dynamic F-actin structures, such as
podosomes, invadopodia, and filopodia, during cell adhesion,
migration, invasion, and metastasis (Van Audenhove et al.,
2016). We also observed reduced IL-1 production accompanied
by increased bacterial loads and mortality in LPL ™'~ mice during
pneumococcal lung infection (Deady et al., 2014). Although
LPL™~ mice harbor numerically fewer alveolar macrophages
(AMs) compared with wild-type (WT) mice (Todd et al., 2016),
we now identify a second, functional defect explaining the
susceptibility of LPL™'~ mice to pneumococcal pneumonia. We
find that LPL is required, downstream of the assembly signal, for
maximal NLRP3 activation in macrophages. Under conditions of
equivalent priming, LPL deficiency reduces ASC multimerization
and subsequent activation of caspase-1, impairing NLRP3 as-
sembly, as measured by release of IL-1 and IL-18 and
gasdermin-D cleavage. Mechanistically, loss of LPL disrupts the
association of the kinase Pyk2, a major component of
macrophage podosomes, with the NLRP3 adaptor molecule
ASC. These data define a complete signaling pathway from
macrophage podosomes to NLRP3 assembly, providing a
molecular explanation for how tensile stress on macrophages reg-
ulates their IL-1B production. Broadening the translational impor-
tance of this pathway, we found that LPL™~ mice were also
resistant to NLRP3-dependent inflammatory diseases; namely,
bleomycin-induced lung fibrosis and monosodium urate (MSU)-
induced peritonitis. These findings suggest an essential role of
LPL inaugmenting NLRP3 assembly in macrophages for effective
host defense against bacterial pathogens and supporting auto-
inflammatory diseases. Our findings reveal an LPL-dependent
molecular basis for mechanosensitivity of NLRP3 activation in
macrophages and illuminate potential avenues for targeted ther-
apy in infectious and inflammatory diseases.

RESULTS

NLRP3-mediated production of IL-13 and IL-18 is
diminished in LPL-deficient AMs
LPL supports podosome formation in macrophages, and
macrophages lacking LPL produce less IL-13 upon adhesion
to culture surfaces (Chen et al., 2003). NLRP3-induced IL-18
production is modulated by mechanical stimuli, such as cyclic
stretching during tendinitis or stress exerted by mechanical
ventilation during lung inflammation/injury and fibrosis (Kuipers
et al., 2011; Wu et al., 2013; Chen et al., 2018). Because LPL
supports podosome formation, and because podosomes
“sense” adhesion-induced mechanical forces, we hypothesized
that LPL may contribute to IL-1f through mechanotransduction.
To test this hypothesis, we measured NLRP3-mediated IL-1
release from cells cultured on surfaces of varying compliance
(measure in kilopascal elastic modulus). AMs were cultured on
collagen-coated silica gels of low compliance (64 kPa) and
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high compliance (0.2 kPa) corresponding to hard tissue (bone)
and soft tissue (lung) elastic modulus, respectively. With
increased compliance (decreased stiffness), AMs from WT
mice exhibited increased IL-1B production. Significantly less
IL-1B was produced by LPL-deficient AMs, and LPL-deficient
AMs were unresponsive to changes in the compliance of
culture surfaces (Figure 1A). Importantly, LPL-deficiency did
not ablate IL-18 production but removed the modulation by
mechanosensation and reduced the total amount released.

We have previously noted reduced IL-18 in bronchoalveolar
lavage (BAL) fluid of LPL~/~ mice after pneumococcal challenge
(Deady et al., 2014). Pneumococcal infection activates NLRP3
and induces IL-1B, which promotes antimicrobial defense
(Witzenrath et al., 2011; Cho et al., 2018). AM expression of
LPL promotes efficient clearance of pulmonary pneumococcal
infections (Deady et al., 2014; Todd et al., 2016); reduced IL-1B
production in response to NLRP3 activation is consistent with
the increased susceptibility of LPL™~ mice to pneumococcal
infection.

To further evaluate a cell-intrinsic role of LPL in NLRP3
activation, we measured IL-1f production by AMs isolated
from WT and LPL ™~ mice (Figure 1B) after lipopolysaccharide
(LPS) priming and exposure to other NLRP3 activators. We noted
variability in the amount of IL-1p produced by WT cells across
multiple independent experiments. The variability in results is
due to the biological variability expected when analyzing primary
cells (instead of cell lines) as well as the technical variability
inherent in performing independent experiments over an
extended time period, using different lots of chemical activators
and quantifying with different lots of ELISA reagents. Despite the
biological and technical variability, we detected significantly
less IL-1B in culture supernatants of LPL-deficient AMs
(analyzed concurrently with WT AMs) primed with LPS and
then treated with the NLRP3 activators ATP or nigericin (Fig-
ure 1B). To determine whether LPL deficiency affected inflam-
masome priming, assembly, or both, we compared TNF-a and
IL-1B production using highly sensitive, ultrabright fluorescent
nanoprobes (plasmonic-fluor) that capture cytokines as they
are released (Luan et al., 2020). LPS (priming) is sufficient to
induce TNF-a, but nigericin (activation signal) is required to
induce IL-1B secretion. Microscopic analysis showed that
a lower proportion of LPL-deficient AMs released IL-1p after
nigericin treatment, consistent with reduced NLRP3 assembly;
however, TNF-a. production remained similar in both groups,
suggesting that priming was intact in LPL-deficient AMs
(Figure 1C). Quantification of nanoprobe fluorescence
confirmed that significantly fewer IL-1B particles associated
with LPL-deficient AMs (Figure 1D).

The inflammatory cytokine IL-18 is also produced after NLRP3
activation. Because macrophages constitutively express pro-IL-
18 (de Zoete et al., 2014), release of IL-18 depends primarily on
NLRP3 assembly. Primed LPL-deficient AMs also secreted
significantly less IL-18 after challenge with ATP and nigericin
(Figure 1E). Reduced IL-18 release, concordant with reduced
IL-1B production, suggests that LPL is required for signaling to
assemble NLRP3. To evaluate a separate macrophage
lineage and support further biochemical analysis, we next tested
ex-vivo-differentiated bone marrow-derived macrophages
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Figure 1. Macrophages from LPL ’~ mice exhibit reduced IL-1B production after NLRP3 activation

(A and B) AMs obtained from naive WT (light gray) and LPL™~ (dark gray) mice were cultured on collagen-coated silica gel with corresponding stiffness (shown in
kilopascal) (A) or plastic culture plates (B). Cells were primed with LPS and then stimulated with ATP; IL-18 in culture supernatant was quantified by ELISA.
(A) Data points, n = 4 (WT, 16 kPa; LPL™~, 0.2, 16, and 64 kPa) or n = 5 (WT, 0.2 kPa and 64 kPa) from 3 independent experiments are shown.

(B) n = 6 from 4 independent experiments (ATP) and n = 9 from 5 independent experiments (nigericin).

(C) AMs were incubated on a culture surface coated with anti-IL-18 or anti-TNF-a antibodies as indicated, primed with LPS, and activated with nigericin. Locally
released IL-1B and TNF-a were detected by plasmonic-fluor nanoprobe-conjugated anti-IL-1p and TNF-a« antibodies. Microscopy images at 20x magnification
show IL-1B as white clusters around individual cells. Each cell was visualized by DAPI (seen as black dots) staining; scale bars, 10um. Representative results from
3 independent experiments are shown.

(D) Quantification of numbers of IL-1p particles released around AMs from microscopy analysis of plasmonic-fluor images. Representative results from 3 bio-
logical repeats are shown (n = 40 data points of independent cells).

(E) AMs were primed with LPS and then activated with ATP or nigericin. Secreted IL-18 in culture supernatants was quantified by ELISA. Results representing 4
independent experiments (n = 4 data points) are shown.

(F) BMDMs were primed with LPS and then activated with ATP, nigericin, and MSU. IL-1B in culture supernatants was quantified using ELISA. Represented results
are showing data points n = 12 (ATP) from 7 independent experiments and n = 6 (nigericin) and n = 5 (MSU) from 3 independent experiments.

In graphs, each symbol represents an individual data point, the solid line shows the median, and the dashed line shows the interquartile range. The p values were
determined by ANOVA (A), Wilcoxon test (B, E, and F), and Mann-Whitney test (C).

Cell Reports 38, 110507, March 15, 2022 3




¢? CellP’ress Cell Reports

OPEN ACCESS

A B C Nigericin - -
LPS  + +
ATP 0 wr
) o LPL - kD WT LPL*  WT _ LPL*
] 55.3 o LPL
. - 5200078 2.5 2.0
) — 25+ 356 S se——  — — |‘ NLRP3
Z -
4 S 204 50 40 3.0 3.0
T e PO0625 J— — — —|4 B-Actin
b 154
@
3 e 12.0 11.0 12.0 13.0
g 10 50
LPL" Q 4Caspase-1
3 o
T o
. ! Cleaved
FLICA-FITC Nigericin ATP ; o - 4Caspase-1
15 A " (p20)
D p
Alveolar Macrophages
ATP - = + + E BMDMs
LPS + + + +
KD WT LPL" WT LPL" Nigericin 30 min 60 min F O wrt
75 LPS + + + + I
— — 4 LPL LpL - - 109 p=0.0010
4.8 4.8 = p=0.0156
’
100 ~—~~~4 NLRP3 “gh”gs
. 5 =4
‘ k3
. _-m pacr e @
11 0 10.0 3.5 6 0 T

Nigericin
C i1 1 e »I- o
9 10.0 6.5

1.5 9.0 . . 5.0 4.0 2.0 2.0 G
“ o T . _p
5 *%m< Cleaved-IL-10 b| Wiic—_—.— . 18
2.0 0.5 7.0 5.0 8.5 45 5124 p=0.0417
: «Cleaved-IL-1p b W “{ S |
15 _ (Supernatant) D. 2
1.0 0.3 1.8 0.6 22 9.0 4 g
50 —~-#4 Gasdermin-D » 2 '
[0
11.0% #7007 100 A1:Qde % 37
. Cleaved 8 -
o5 e ) 4 Gasdermin-D p 0-

Nigericin
54 3.5 11.0 6.3

Figure 2. NLRP3-induced caspase-1 activation and processing of IL-1$ and gasdermin-D are reduced in LPL-deficient macrophages

(A and B) AMs were primed with LPS, activated with nigericin or ATP, and then labeled with FAM-FLICA to detect active caspase-1.

(A) Representative fluorescence-activated cell sorting (FACS) analysis with FAM-FLICA-labeled cells in response to ATP activation. Representative results from 3
independent experiments are shown.

(B) Quantified median fluorescence intensity (MFI) of FAM-FLICA fluorescence. Results representing n = 8 from 4 independent experiments (nigericin)and n =5
from 3 independent experiments (ATP) are shown.

(C) Immunoblot of cell lysates from BMDMs primed with LPS with or without subsequent nigericin activation. Full-length and cleaved caspase-1 were detected
using specific antibodies, as indicated. Density is shown below each protein band. A representative result from 3 independent experiments is shown.

(D) Immunobilot of cell lysates of AMs (primed with LPS and activated with ATP) probed for cleaved IL-1p. Culture supernatants were used to detect extracellular
cleaved IL-1B. Density is shown below each protein band. Here, NLRP3 expression serves as an LPS priming control and B-actin as total cell control. Repre-
sentative results from 3 independent experiments are shown.

(E) Immunoblot of BMDMSs (primed with LPS and activated with nigericin) probed for IL-1B (culture supernatant and cell lysates) and cellular gasdermin-D
cleavage (shown from a replicated immunoblot). Density is shown below each protein band. A representative result from 4 independent experiments is
shown.

(F and G) Densitometry quantification from multiple immunoblots of cleaved IL-1p after 30 M nigericin and ATP treatment (F) and gasdermin-D after 30 M nigericin
treatment (G). Here, B-actin is used as the loading control.

(legend continued on next page)
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(BMDMs). LPL-deficient BMDMs also displayed reduced IL-1
production following NLRP3 activation using specific activators
such as ATP, nigericin, and MSU (Figure 1F). Equivalent
expression of the receptor NLRP3 and the adaptor ASC in
multiple macrophage lineages (lung, peritoneum, and bone
marrow derived) from WT and LPL™~ mice was revealed by
immunoblotting (Figure S1A), indicating that impaired IL-18
production by LPL-deficient macrophages was not due to loss
of essential inflammasome components. Impaired IL-1B
production by BMDMs derived from LPL ™~ mice also indicates
that the observed defect in AMs is not merely due to impaired AM
development. Finally, priming was equivalent among WT and
LPL™'~ macrophages, as shown by LPS-induced pro-IL-1pB
expression (Figure S1B). These results reveal an essential role
of LPL in NLRP3 assembly and the resulting IL-13 and IL-18
production.

LPL promotes caspase-1 activation

Inflammasome assembly activates the effector caspase-1, which
catalyzes maturation of IL-1f by cleaving pro-IL-18 (Black et al.,
1989). Thus, we hypothesized that LPL would impair assembly
signal transduction upstream of caspase-1 activation. We
measured caspase-1 activity through flow cytometry analysis of
AMs labeled with a fluorochrome-conjugated, caspase-1-specific
molecular inhibitor (carboxyfluorescein [FAM]-Tyr-Val-Ala-Asp
[YVAD]-fluoromethyl ketone [FMK]-fluorochrome inhibitor of cas-
pases [FLICA]). Analysis of activated AMs demonstrated a
reduced proportion of LPL-deficient AMs with active caspase-1
(Figures 2A, S1C, and S1D). Quantification of the median fluores-
cence intensity (MFIl) of FAM-FLICA confirmed significantly
reduced caspase-1 activity in LPS-primed AMs lacking LPL
upon treatment with nigericin or ATP (Figure 2B).

Caspase-1 activation is characterized by self-cleavage
(Martinon et al., 2002). Therefore, we also performed immuno-
blotting to evaluate caspase-1 cleavage after NLRP3 assembly
(Figure 2C). We detected the cleaved form of caspase-1 (p20
fragment) in WT cells but observed very little p20 in LPL-deficient
cells. Equivalent levels of pro-caspase-1 and NLRP3 in WT and
LPL-deficient cells indicated intact priming, again suggesting
that transduction of the assembly signal to caspase-1 cleavage
was impaired by LPL deficiency (Figure 2C).

Caspase-1 is the terminal effector of the inflammasome
activation pathway and cleaves pro-IL-1f and -IL-18 to bioactive
forms. In addition to IL-1B and IL-18 processing, caspase-1
triggers pyroptosis by maturing the mediator gasdermin-D (Shi
et al., 2015). Cleaved gasdermin-D oligomerizes in cell mem-
branes to form pores, inducing cell death and facilitating release
of mature IL-1p and IL-18 (Martinon et al., 2002; Shi et al., 2015;
He et al., 2015). To confirm diminished caspase-1 activity in
LPL-deficient macrophages after NLRP3 assembly, we
examined IL-1B and gasdermin-D cleavage. Immunoblotting of
cell lysates and culture supernatants revealed significantly
reduced cleavage products of IL-1p and gasdermin-D in LPL-
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deficient AMs activated with ATP (Figure 2D) despite equivalent
levels of pro-IL-18 and full-length gasdermin-D. Similarly,
nigericin-induced IL-1B maturation was reduced in LPL-deficient
AMs (Figure S1E).

Parallel analysis of BMDMs vyielded similar results; LPL-
deficient cells exhibited reduced processing of IL-18 and
gasdermin-D following nigericin exposure, whereas LPS-induced
priming (as assessed by NLRP3 expression) was comparable in
WT and LPL-deficient BMDMs (Figure 2E). LPL-deficient BMDMs
also displayed significantly reduced IL-1B cleavage (Figure 2F)
and gasdermin-D processing (Figure 2G) in response to nigericin
and ATP. Our findings of reduced processing of IL-1p and gasder-
min-D in the absence of LPL corroborate disruption of the assem-
bly signal in the process of NLRP3 activation.

LPL enhances ASC oligomerization

NLRP3 assembly is initiated by oligomerization of the adaptor
protein ASC (Hoss et al., 2017), which also recruits pro-cas-
pase-1 to the assembling NLRP3 complex. Oligomerized
ASC complexes, visualized microscopically as “ASC specks,”
indicate active inflammasome formation (Stutz et al., 2013). To
define how LPL promotes NLRP3 assembly, we evaluated ASC
speck formation using ASC-Citrine reporter mice (Tzeng et al.,
2016). ASC specks were readily visible in WT AMs after NLRP3
activation but ASC specks formed in LPL-deficient cells ~50%
less frequently (Figures 3A and 3B). We next assessed
NLRP3-induced ASC oligomers using immunoblotting. In
primed cells, ASC exists as a monomer. In response to the
assembly signal, ASC multimerizes and translocates to the
detergent-insoluble fraction. Upon treatment with NLRP3
activators, reduced translocation of ASC oligomers to the
detergent-insoluble fraction was seen in LPL-deficient cells
(Figure 3C). Whole-cell lysates showed comparable mono-
meric ASC levels, indicating that diminished oligomerization
was not due to reduced availability of the ASC monomer.
Confirmatory immunoblotting revealed reduced IL-1 cleavage
product in LPL-deficient cells (Figure 3C, bottom panel). These
observations suggest that LPL supports ASC oligomerization
to enhance NLRP3 assembly.

Although NLRP3 requires ASC for activation (Elliott et al.,
2018), other inflammasomes, such as NLRC4, do not because
NLRC4 directly interacts with caspase-1 via CARD-CARD
interactions (Nambayan et al., 2019; Dick et al., 2016; Vajjhala
et al., 2012). We therefore hypothesized that, if LPL enhances
inflammasome assembly by increasing ASC recruitment, then
NLRC4 activation would be unaffected by loss of LPL. We tested
NLRC4 activation in BMDMs after transfection with its activator
flagellin. NLRC4-induced IL-1 production was equivalent in WT
and LPL-deficient BMDMs (Figure S2A), and immunoblots
showed comparable IL-1B cleavage in WT and LPL-deficient
macrophages (Figure S2B). The LPL independence of NLRC4
activation is consistent with an ASC-dependent function of
LPL in NLRP3 assembly.

(F) Representative result showing n = 11 from 5 independent experiments (nigericin) and n = 7 from 4 independent experiments (ATP).

(G) n = 5 from 3 independent experiments are shown.

In (B), (F), and (G), each symbol represents a value from an independent data point, with the solid line at the median and the dashed line showing the interquartile
range. The p values were determined with a Wilcoxon test. See also Figures S1C and S1D.
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Figure 3. LPL-deficient macrophages exhibit less ASC speck formation and reduced oligomerization upon NLRP3 activation

(A) AMs from ASC reporter WT and LPL '~ mice were isolated, LPS primed, and treated with nigericin. A microscopy image at 20x magnification shows ASC
specks, visible as bright green fluorescent points (indicated by arrowheads). Scale bars, 10um.

(B) Quantification of ASC speck count per 100 cells. In the graph, the solid line is at the median and the dashed line shows the interquartile range. The p values

were obtained using a Wilcoxon test.
(A and B) Results represent 7 data points from 4 independent experiments.

(C) BMDMs were primed with LPS, activated with nigericin, and then lysed with Triton X-100. The Triton X-100-insoluble portion was crosslinked with dis-
uccinimidyl suberate (DSS). The immunoblot of the detergent-insoluble fraction (cytoskeleton portion) was probed for oligomerized ASC. Triton X-100-lysed
whole-cell lysate was used as input control for total ASC availability. Densitometry analysis values are shown below each band. Here, B-actin was used as a
loading control, and cleaved IL-1f confirmed NLRP3 activation. Representative results from 2 independent experiments are shown.

LPL supports Pyk2:ASC interaction
We next considered possible molecular links between LPL and
ASC. LPL is essential for formation and stability of macrophage
podosomes, which are integrin-stimulated, F-actin-linked multi-
molecular complexes supporting myeloid cell adhesion and
migration. Podosomes recruit Src family, Syk family, and focal
adhesion kinase (FAK)/Pyk2 kinases, which organize as a
“ring” around an F-actin “core.” We have previously demon-
strated specific disruption of Pyk2 signaling in LPL-deficient
B cells (Todd et al., 2013). Pyk2 also sensitizes ASC to oligomer-
ization via direct interaction and phosphorylation of ASC tyrosine
residue 146 (Tyr146); increased Pyk2 signaling augments ASC
multimerization after NLRP3 activation, enhancing IL-1p output
(Chung et al., 2016). Therefore, we tested whether LPL is
required for Pyk2-ASC interactions during NLRP3 assembly by
immunoprecipitating Pyk2 from BMDMs after LPS priming
and/or NLRP3 activation and immunoblotting for ASC. As ex-
pected, there was no ASC associated with Pyk2 after LPS prim-
ing only (Figure 4A). In WT BMDMs, NLRP3 activation induced
robust association of ASC with Pyk2; however, in LPL-deficient
BMDMs, Pyk2-associated ASC was detected only weakly (Fig-
ure 4A). Similarly, co-immunoprecipitation of Pyk2-associated
NLRP3 was reduced in LPL-deficient cells compared with the
WT (Figure 4A). LPL was not detectable with anti-Pyk2 or anti-
ASC immunoprecipitation (data not shown).

We then tested whether LPL is required for correct Pyk2
localization. When viewing podosomes en face by super-resolu-
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tion microscopy, the ultrastructural ring-and-core appearance
can be appreciated. The podosome core is formed by tightly
cross-linked F-actin filaments, whereas integrin-associated
proteins and signaling molecules, such as vinculin or Pyk2,
surround the core in a ring-like structure. We have found
previously that LPL stabilizes the F-actin cores (Zhou et al.,
2016). This ring-and-core ultrastructure cannot always be
resolved using traditional confocal microscopy, and then all
podosome components appear to co-localize (Zhou et al.,
2016). We therefore employed super-resolution microscopy to
view podosome formation in BMDMs derived from WT and
LPL™~ mice, after podosome formation was induced by serum
stimulation (Zhou et al., 2016). In WT cells, Pyk2 localized to
the ring of podosomes surrounding F-actin cores, as expected;
however, in LPL-deficient cells, podosomes were organized
poorly, with irregular and dense F-actin co-localizing with Pyk2
(Figure 4B). LPL is thus required for correct cellular localization
of Pyk2, and absence of LPL reduces Pyk2 interaction with ASC.

Inhibition of Pyk2 activity, using the specific inhibitor PF-431396
added at the time of NLRP3 activation (Kedan et al., 2018),
reduced IL-1B cleavage in cells treated with NLRP3 activators,
in agreement with prior reports (Chung et al., 2016); in compari-
son, IL-1B cleavage was completely abolished by inhibiting cas-
pase-1 (N-Benzyloxycarbonyl-Val-Ala-Asp(O-Me) fluoromethyl
ketone [z-VAD-fmk]) or NLRP3 (MCC-950) (Figure 4C). Because
Pyk2 also regulates MyD88 signaling downstream of TLR4
engagement (Xi et al., 2010), early inhibition of Pyk2 during LPS
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priming (4.5-h incubation) abrogated pro-IL-13 expression (Fig-
ure 4C), preventing further analysis of NLRP3 assembly. We
confirmed equivalent inhibition of Pyk2 Tyr-402 phosphorylation
by PF-431396 in WT and LPL™~ cells. However, although PF-
431396 impaired IL-1B cleavage in WT cells, it did not further
reduce the already impaired IL-1B processing in LPL ™~ cells (Fig-
ure 4D). The failure to further impair IL-18 production in macro-
phages lacking LPL by pharmacological inhibition of Pyk2 activity
suggests that LPL and Pyk2 function in the same molecular
pathway during NLRP3 assembly.

We did not find reduced Pyk2 phosphorylation (Tyr-402) in
macrophages lacking LPL at steady state, and Pyk2 phos-
phorylation was increased comparably upon LPS priming.
Pyk2 phosphorylation was reduced equivalently after NLRP3
activation (Figure 4E), regardless of the NLRP3 activator
used (Figures S2C and 4F). Thus, LPL deficiency disrupts
the interaction of Pyk2 with ASC through a mechanism
independent of Tyr402 phosphorylation, possibly through
mislocalization (Figure 4B).

Although Pyk2-mediated phosphorylation of ASC promotes
NLRP3 assembly, assembly of the ASC-dependent inflamma-
some AIM2 rests on FAK-mediated phosphorylation of ASC at
a different tyrosine residue (Chung et al., 2016). We therefore
tested whether AIM2 inflammasome activation depends on
LPL. We found no significant differences in IL-1 production after
stimulating WT and LPL-deficient BMDMs with poly(dA:dT) (Fig-
ure S2D). Equivalent AIM2 activation in WT and LPL-deficient
macrophages is concordant with the dependence of FAK-medi-
ated (and Pyk2-independent) regulation of ASC during AIM2
activation (Chung et al., 2016). The dependence of NLRP3
but not AIM2 activation on LPL is consistent with a model of
LPL-mediated, Pyk2-specific regulation of NLRP3.

Impaired pneumococcal clearance in LPL~’~ mice is
NLRPS3 driven

Pulmonary production of IL-1 enhances clearance of various in-
fections, including Streptococcus pneumoniae (Lemon et al.,
2015). The pneumococcal toxin pneumolysin is a major virulence
factor and activates NLRP3 (Garcia-Suarez Mdel et al., 2007;
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McNeela et al., 2010). Deficient IL-18 production by LPL-defi-
cient AMs suggests a second mechanism (beyond reduced
AM numbers) for impaired clearance of pneumococci in LPL ™/~
mice (Todd et al., 2016). We confirmed defective IL-18 and IL-18
production by LPL-deficient AMs in response to pneumolysin
(Figures 5A and 5B). Caspase-1 activity was also reduced
significantly in LPL-deficient AMs after pneumolysin exposure
(Figures 5C and S2E). We then evaluated clearance of pneumo-
coccal isolates (D39; Streptococcus pneumoniae serotype 2)
that did (D39) or did not (D39Aply) express pneumolysin and,
therefore, did or did not activate NLRP3 (Garcia-Suarez Mdel
et al., 2007; McNeela et al., 2010; Lemon et al., 2015; Figure 5D).
As seen before, LPL~’~ mice demonstrated impaired clearance
of WT pneumococci (Figure 5E); however, clearance of
D39Aply was unchanged by LPL deficiency (Figure 5F).
Correlating with the bacterial loads, D39 infection induced
significant weight loss in LPL™~ mice but infection with
D39Aply did not (Figures 5D and 5G). The dependence of
defective bacterial clearance in LPL™'~ mice on the presence
of pneumolysin, a potent NLRP3 activator, suggests that a
functional defect in NLRP3 activation also enhances
pneumococcal susceptibility in LPL™'~ mice.

Using a new mouse model in which the endogenous LPL locus
was modified to substitute the non-phosphorylatable alanine
for a serine residue at position 5 (S5A), we recently showed
that Ser-5 phosphorylation of LPL is required for pneumococcal
clearance by splenic macrophages. However, homozygous S5A
mice were able to clear pneumococci from the lungs (Anaya
et al., 2021). To evaluate whether S5 phosphorylation of LPL
regulates NLRP3 activation, we evaluated IL-18 production in
BMDMs derived from WT or S5A mice after NLRP3 activation
(Figure S2F). BMDMs from S5A mice exhibited NLRP3-induced
IL-1B production similar to WT cells after ATP stimulation (Fig-
ure S2G). NLRP3-activated gasdermin-D and IL-1p processing
after nigericin or ATP treatment in cells from S5A mice was
also equivalent to the WT (Figure S2F). These results are in
agreement with our previous observation that S5A mice showed
no defect in pneumococcal clearance in our lung infection model
(Anaya et al., 2021).

Figure 4. LPL stabilizes Pyk2-ASC interaction by regulating Pyk2 localization

(A) LPS-primed or nigericin-activated NLRP3-stimulated BMDM cell lysates were subjected to Pyk2 immunoprecipitation (IP) using a specific antibody. Pulled
down Pyk2 and co-precipitated ASC and NLRP3 were probed by immunoblotting. Here, initial cell lysate is used as an input control, and immunoglobulin G (IgG)
isotype is used as a negative control for anti-Pyk2 IP. Results representing 2 independent experiments are shown.

(B and C) BMDMs were cultured on cover glass in serum-free medium for 1.5 h prior to serum addition to induce podosome formation (B, green dots). Cells were
stained for F-actin with phalloidin-AF488 (green) and anti-Pyk2-lgG-DyLight594 (red). A 60x image (scale bars, 10um) is shown here, with the insets showing
podosomes (arrows; scale bars, 5 um). Results represent 2 independent experiments. In (C), WT BMDMs were primed with LPS and stimulated for NLRP3
activation by ATP (30 min) in the absence and presence of z-VAD-fmk (50 uM, 1 h), MCC-950 (50 uM, 1 h), and PF-431396 (25 uM) for 1 h or 4.5 h. Cell lysates were
probed for Pyk2 phosphorylation and IL-1B products by immunoblotting. The density of each band is shown below. Here, B-actin is the total cell control.

(D) WT and LPL~~ BMDMs were LPS primed and activated with ATP (30 min) in the presence of PF-431396 (25 uM, 1 h), and cell lysates were analyzed by
immunoblotting for Pyk2 phosphorylation and IL-18 processing. Here, NLRP3 is the priming control, and density is shown below each band.

(C and D) The results represent 2 independent experiments.

(E) Unstimulated (US), LPS-primed, and NLRP3-activated (nigericin) WT and LPL™"~ BMDM cell lysates were analyzed for phosphorylated (Tyr-402) Pyk2 and
processed gasdermin-D and IL-1p (cleaved). Here, NLRP3 expression, showing priming signal and B-actin, serves as loading control. Densitometry values are
shown below each protein band. The controlimmunoblot for LPL is derived from a separate immunoblot run (not normalized) of the same lysates. A representative
immunoblot from 3 independent experiments is shown.

(F) The ratio of phosphorylated Pyk2 (Tyr-402) to total Pyk2 is measured by densitometry from multiple experiments. Conditions include US, LPS priming, and
after NLRP3 activation (nigericin or ATP). Here, each dot represents an individual data point, showing median (solid line) and interquartile range (dashed line).
Data points (n = 3) are from Figures 4D, 4E, and S2C and replicate independent experiments (data not shown). Statistical significance was measured by
Mann-Whitney test.
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Figure 5. LPL~’~ mouse lungs sufficiently cleared pneumococcal infection

(A-C) AMs obtained from naive WT (light gray) and LPL /" (dark gray) mice were primed with LPS and stimulated with pneumolysin, and then IL-1p (A) and IL-18
(B) in culture supernatant was quantified by ELISA. Represented results are from 3 independent experiments showing data points; n = 6 (A) and n = 4 (B). In (C),
AMs were primed with LPS, activated with pneumolysin, and then labeled with FAM-FLICA to detect active caspase-1. Represented results n = 6 from 3 in-
dependent experiments are shown. Here, each dot represents an individual data point, showing median (solid line) and interquartile range (dashed line).

(D) Schematic showing time points of analysis after pneumococcal infection, such as BAL colony-forming unit (CFU) count and body weight monitoring.

(E and F) Mice were injected intra-tracheal (i.t.) with the indicated dose of Streptococcus pneumoniae (D39 or D39Aply), and after 24 h, CFUs were counted from
BAL fluid. Represented results show 3 independent experiments from 6 (E) and 8 (F) mice.

(G)WT and LPL "~ mice were administered (i.t.) Streptococcus pneumoniae (D39 or D39Aply). Body weight loss after infection is presented here on the indicated
days, with a dashed line showing initial weight. Data represent 2 independent experiments.

In graphs, each dot represents an individual mouse (E-G) with median (solid lines) and standard deviation (error bars). The p values were calculated with a Mann

Whitney test (A-C), Wilcoxon test (E), and ANOVA (G).

LPL~'~ mice are resistant to bleomycin-induced lung
injury and fibrosis

NLRP3 drives multiple inflammatory diseases characterized
by ongoing tissue injury (Kuipers et al., 2011; Nystrom and
Bruckner-Tuderman, 2018). NLRP3 activation and subsequent
IL-1B release have been implicated in acute lung injury (ALI),
which results in inflammation and fibrosis. Resident AMs are
critical for NLRP3-induced ALl and fibrosis (Aran et al., 2019;
dos Santos et al., 2015). We therefore investigated whether
LPL deficiency would ameliorate pulmonary fibrosis in the well-
characterized, NLRP3-dependent, bleomycin-induced ALl
model (Izbicki et al., 2002; Moore and Hogaboam, 2008).
Bleomycin directly injures lung epithelium, promoting uric acid
production and triggering NLRP3 assembly; the resulting IL-18
production initiates an inflammatory response that further
damages the tissue (Wilson et al., 2010). Subsequent tissue
repair and remodeling feature fibroblast proliferation and
enhanced collagen deposition, which are hallmarks of fibrosis
(Gasse et al., 2009).

To test the hypothesis that reduced NLRP3 activation in
LPL™~ mice would increase resistance to bleomycin-induced
fibrosis, we challenged WT and LPL ™~ mice with a single dose
of intranasal bleomycin (Izbicki et al., 2002) and weighed the
mice weekly (Figure 6A). Bleomycin challenge caused an

~10% decrease in body weight in WT mice after 1 week,
whereas LPL™~ mice had not lost weight at this time point
(Figure 6B). Three weeks after bleomycin treatment, H&E
staining of lung sections revealed massively damaged lungs in
WT mice, with inflammatory infiltrates. However, lung sections
obtained from bleomycin-treated LPL~'~ mice revealed tissue
architecture similar to PBS-treated mice (Figure 6C). Compared
with that of WT mice, BAL fluid from bleomycin-challenged
LPL~~ mice had significantly reduced hydroxyproline content,
indicating lower collagen accumulation (Figure 6D). Masson
trichrome staining, used to highlight collagen deposition,
revealed extensive fibrotic areas in the lungs of bleomycin-
treated WT mice; in comparison, very little fibrosis was evident
in lungs from bleomycin-treated LPL™~ mice (Figure 6E).
Additionally, bleomycin-treated LPL™"~ lungs had lower levels
of cleaved IL-1p in BAL fluid in comparison with WT mice (Fig-
ure S3A). To assess cellular inflammatory responses, we
analyzed BAL fluid 24 h after bleomycin treatment for the
influx of polymorphonuclear leukocytes (i.e., neutrophils) and
depletion of AMs (Reader et al., 2020; Misharin et al., 2013).
LPL~~ mice exhibited significantly fewer CD11b*Ly6G* neutro-
phils in the BAL fluid (Figure S3B) and did not lose as many
CD11c*SiglecF* AMs (Figure S3C) compared with WT mice.
We similarly confirmed that LPL deficiency ameliorated
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Figure 6. LPL~'~ mice are resistant to bleomycin-induced lung fibrosis

(A) To evaluate lung fibrosis in mice, a single dose of bleomycin (2 mg/kg) was administered intranasally (i.n.). Body weight was measured weekly, and BAL and
lungs were obtained 21 days after challenge.

(legend continued on next page)
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another NLRP3-mediated inflammatory disease, MSU-induced
peritonitis (Figure S4). LPL™~ mice exhibited attenuated
recruitment of inflammatory cells (e.g., neutrophils and mono-
cytes) upon MSU treatment. Protection from NLRP3-dependent,
bleomycin-induced lung fibrosis in LPL™'~ mice confirms the
physiological relevance of LPL in activation of NLRP3.

DISCUSSION

The NLRP3 inflammasome drives significant acute inflammation
and tissue damage through IL-18 and other downstream
mediators. Although actin cytoskeleton elements have been
shown previously to regulate NLRP3 priming and the resulting
NF-kB activation (Kustermans et al., 2008; Xi et al., 2010),
evidence showing that actin-binding proteins participate in
transducing the NLRP3 assembly signal has been lacking.
Here we demonstrate a clear requirement for LPL in enhancing
NLRP3 assembly and IL-18 production, independent of priming.
Without LPL, ASC oligomerization and NLRP3 assembly were
reduced following exposure to various NLRP3 activators,
resulting in reduced caspase-1 activation and reduced cleavage
of pro-IL-1B, pro-IL-18, and gasdermin-D. The molecular link
from LPL to ASC is the kinase Pyk2, which has been shown
previously to sensitize ASC to oligomerization (Vajjhala et al.,
2012). In LPL-deficient cells, association of Pyk2 with ASC and
NLRP3 was reduced, indicating disruption of the Pyk2:ASC
signaling axis. We further showed that LPL balances effective
host defense against autoinflammation; LPL~~ mice were
more susceptible to pneumococcal infection (where NLRP3
was required for defense) but more resistant to bleomycin-
induced pulmonary fibrosis.

LPL deficiency disrupts multiple immune functions, predomi-
nantly by disrupting processes relying on adhesion-based
signaling. For instance, LPL is required for full T cell activation
and normal T cell motility (Morley, 2013) and supports B cell
motility and marginal-zone B cell development (Todd et al,,
2011). Among myeloid cells, LPL is required for normal macro-
phage and monocyte migration under restrictive conditions
(Zhou et al., 2016) but is dispensable for neutrophil migration
(Chen et al., 20083). LPL is also required for normal maturation
of AMs, and we found that LPL~~ mice possess about 50%
fewer AMs than their WT counterparts (Todd et al., 2016).
Although numerical deficiency of AMs in LPL™~ mice may be
sufficient to increase susceptibility to pneumococcal infection
(Deady et al., 2014), we now show that these mice have a
second, functional defect that also enhances pneumococcal
susceptibility because full NLRP3 assembly and IL-1B
production are needed for pathogen clearance (Witzenrath
etal., 2011; McNeela et al., 2010). Although a maturation defect

¢? CellPress

in AMs from LPL-deficient animals could theoretically lead to
subsequent activation impairment, we also found impaired
NLRP3 activation in BMDMs derived from LPL™~ mice.
Impaired NLRP3 activation in two separate macrophage
lineages, one of which does not exhibit maturation defects,
implies that diminished NLRP3 activation in AMs is not due to
a developmental defect.

Identification of LPL as a modulator of NLRP3-mediated
inflammatory signaling has significant implications for multiple
human inflammatory and fibrotic diseases. LPL is a well-estab-
lished, critical component of macrophage podosomes,
multimolecular signaling complexes that support macrophage
adhesion, migration, and mechanotransduction (Zhou et al.,
2016); mechanotransduction is the translation of cell adhesion
or stretching into intracellular signaling (van den Dries et al.,
2019). Macrophage podosomes require LPL for stabilization
(Zhou et al., 2016). Using super-resolution microscopy, the
ring-and-core ultrastructure of podosomes becomes apparent.
The core of podosomes is formed by tightly cross-linked F-actin,
whereas integrin-associated and signaling proteins localize to
a ring surrounding the F-actin core. Loss of LPL disrupts
podosome organization and displaces the kinase Pyk2 from
the ring, although phosphorylation of Pyk2 remains intact. Intact
Pyk2 phosphorylation suggests that recruitment and activation
of upstream kinases, such as the tyrosine kinase Syk2, are
independent of LPL in this signaling pathway. In contrast, Syk2
phosphorylation downstream of 2 integrin signaling in neutro-
phils was disrupted by LPL deficiency (Chen et al., 2003). Pyk2
phosphorylation was also disrupted downstream of CXCL12
signaling in LPL-deficient B cells (Todd et al., 2011). Thus, the
requirement for LPL in modulating Pyk2 phosphorylation
appears to vary by cell type and cell stimulus. We did not identify
a direct interaction between LPL and Pyk2, possibly because of
technical limitations associated with co-immunoprecipitation
analyses (for instance, if LPL and Pyk2 are co-localized to the
detergent-insoluble cytoskeletal fraction of cell lysates, then
co-immunoprecipitation would be impossible). However, we
do find cellular mislocalization of Pyk2 in LPL-deficient macro-
phages, which correlates with a reduction in direct association
of Pyk2 with ASC. Direct interaction of Pyk2 and ASC results in
tyrosine phosphorylation of ASC, which enhances subsequent
assembly of the NLRP3 inflammasome. However, Pyk2-medi-
ated phosphorylation of ASC is dispensable for recruitment of
ASC into the AIM2 inflammasome, and phosphorylation of ASC
has not been shown to be required for NLRC4 activation (Chung
et al., 2016). Thus, the specific function of Pyk2 in accentuating
NLRP3 assembly is consistent with our observation that LPL
deficiency impairs NLRP3 but not AIM2 or NLRC4 activation.
The kinase Pyk2 participates in mechanotransduction (Duong

(B) Change in body weight plotted from PBS-treated (control) and bleomycin-treated mice.

(C) Sections of lungs obtained from PBS- and bleomycin-treated mice were analyzed for histological changes using H&E staining. Representative images at 10x
magnification (scale bars, 1,000 um) show lung sections with normal alveoli (empty holes) and damaged tissue (pink) (indicated by arrows).

(D) Three weeks after bleomycin challenge, accumulated hydroxyproline was quantified. Fold increase in hydroxyproline over PBS control mice is shown, with
each symbol representing a single mouse, solid line at median, and dashed lines at interquartile range.

(E) Lung slices were stained with Masson trichrome to illuminate collagen deposition (blue, arrows), shown in representative section images (10x magnification);

scale bars, 10,000 p and 1,000 um (inset).

Data were combined from 2 independent experiments, using 3 mice in each bleomycin group and 2 mice in the PBS control group in each experiment. The

p values were determined by ANOVA (B) and Mann-Whitney test (D).
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and Rodan, 2000), and we show that loss of LPL removes the
mechanosensitivity of NLRP3 activation (Figure 1A). With
identification of a pathway linking podosomes through Pyk2 to
NLRP3 assembly, we provide the first molecular explanation
for the previously observed phenomenon that macrophage
adhesion or stretching induces IL-18 (Chen et al., 2003; Kuipers
etal.,2011; Wu et al., 2013). We propose that long-term changes
in tissue compliance during chronic fibrotic processes could
exert positive feedback signals on inflammatory processes
through this pathway.

The N-terminal domain of LPL encompasses several
regulatory features, including serine phosphorylation sites at
Ser5 and Ser7, calmodulin-binding domains, and a threonine
phosphorylation site at Thr89 (Janji et al., 2006; Morley, 2012).
Because Ser5 is heavily phosphorylated in multiple immune
cell lineages after stimulation (Wang et al., 2010; Hagi et al.,
2006; Freeley et al., 2012; De Clercq et al., 2013), most work
has focused on Ser5 phosphorylation of LPL in regulating
cell activation and motility. We reported recently that Ser5 phos-
phorylation is required for efficient splenic clearance of blood-
stream infection with Streptococcus pneumoniae, myeloid cell
phagocytosis, and generation of splenic marginal-zone macro-
phages (Anaya et al., 2021). However, we have not noted defects
in macrophage podosome formation or NLRP3 inflammasome
activation in macrophages from S5A mice (Anaya et al., 2021).
Further work using these mice will illuminate the specific require-
ments for Ser5 phosphorylation and how modification at other
sites may compensate for or coordinate with this regulatory
feature.

In contrast to its disease-promoting role in pulmonary fibrosis,
LPL enhances survival after pneumococcal lung infection (Deady
et al., 2014). The benefit of LPL in infection, in contrast to its
pathologic contribution to fibrosis, can be explained by its
requirement for full NLRP3 activation. Enhanced NLRP3
assembly and increased IL-1B production promote pathogen
clearance during infection (Witzenrath et al., 2011; McNeela
et al., 2010). Identification of LPL as a modulator of NLRP3 in
infection and fibrosis may illuminate certain poorly understood
disease processes, such as aging-associated inflammation,
during which ongoing NLRP3 activation induces progression of
pulmonary fibrosis (Latz and Duewell, 2018). In some clinical
situations, aging fibrotic lungs exhibit increased susceptibility
to pneumococcal infection (Stout-Delgado et al., 2016), which,
in turn, accelerates fibrogenesis via pneumolysin-mediated
NLRP3 activation (Knippenberg et al., 2015). Further elucidation
of LPL-supported enhancement of NLRP3 assembly may clarify
pathophysiological mechanisms common to infection and
chronic inflammatory diseases, such as cryopyrin-associated
periodic syndrome (CAPS), familial Mediterranean fever (FMF),
and pyogenic arthritis (Mortimer et al., 2016; Carta et al., 2015;
Wilson and Cassel, 2010).

Mechanical signals that modulate inflammatory responses
have been correlated with integrin-induced F-actin rearrange-
ment in a variety of cell types, such as chondrocytes, dendritic
cells, and macrophages (McWhorter et al., 2013; Chen et al.,
2014; Mennens et al., 2017). Recently, in vitro work observed
that decreased tissue compliance (increased substrate stiffness)
downregulated macrophage NLRP3 activity (Escolano et al.,
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2021). However, a molecular mechanism linking mechanosensa-
tion to NLRP3 activation has been elusive (Carpentier et al.,
2019; Burger et al., 2016; Li et al., 2008; Joshi and Morley,
2019). Direct binding of F-actin with ASC and NLRP3 inhibited
NLRP3 activation, with depolymerization of F-actin by Latruncu-
lin enhancing NRLP3 assembly (Burger et al., 2016; Li et al,,
2008). The F-actin severing protein Flightless-I (Flil), together
with LRR Flightless-1-interacting protein 2 (LRRFIP2), also
inhibits NLRP3 activation via direct binding (Burger et al.,
2016). Flil severs F-actin filaments, generating free G-actin and
limiting F-actin polymerization. Additionally, Flil can directly
bind to caspase-1 to regulate its intracellular localization to
inhibit NLRP3 assembly (Li et al., 2008). Flil and the LRRFIP3
regulator B cell adaptor for phosphoinositide 3-kinase (BCAP)
also regulate NLRP3 activation. BCAP interacts directly with
Flii and LRRFIP3, and loss of BCAP results in enhanced
NLRP3 activation (Carpentier et al., 2019). Interestingly, LPL
and multiple other actin-binding proteins, such as Myosin,
gelsolin, and Arp2/3, also interact with BCAP, but the molecular
mechanism of this complex is not yet known (Carpentier et al.,
2019). In LPL S5A mutant macrophages, intact podosomes
correlate with uninhibited NLRP3 inflammasome assembly,
consistent with intact integrin-induced, F-actin-mediated
mechanotransduction to NLRP3 assembly. Our results showing
an LPL requirement for mechanical signaling because of
substrate stiffness further confirm LPL-supported mechano-
transduction in NLRP3 assembly. Targeting NLRP3 inflamma-
somes and mechanotransduction could open new paradigms
for treating such inflammatory diseases. The NLRP3-specific
inhibitor MCC-950 (Coll et al., 2015) controls liver inflammation
and fibrosis in a murine model (Mridha et al., 2017). Further
interrogation of this molecular signaling pathway transducing
the NLRP3 assembly signal will drive increased understanding
of the pathophysiology and options for modulation of infectious,
inflammatory, and fibrotic conditions.

Limitations of the study
We note several limitations of our current study. First, we used
small-molecule inhibition of Pyk2, but not genetic ablation, to
test the requirement of Pyk2 in NLRP3 activation. Genetic
ablation could not be performed in our system because priming
of NLRP3 was also dependent on Pyk2. Second, the observation
that phosphorylation of Pyk2 was unaffected in LPL-deficient
macrophages contrasts with results from our prior work in B
cells; delineating the differential requirements for Pyk2
phosphorylation in various immune cell lineages and down-
stream of different cell stimuli will be important in future work.
Third, analyses of NLRP3-mediated inflammatory diseases
(pneumococcal lung infection, MSU-induced peritonitis, and
bleomycin-induced lung fibrosis) were performed in LPL™~
mice, in which all immune cells lack LPL. Future work performed
in mice expressing cell-specific deletions of LPL will identify
additional lineages critical for the observed phenotypes. Finally,
all work was performed in mouse models, and translation to
human systems remains a future goal.

We identified LPL as an enhancer of NLRP3 inflammasome
activation and illuminated a molecular pathway from the
macrophage podosome to IL-18 production. Delineating an
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adhesion-based pathway that modulates pro-inflammatory sig-
nals may provide new therapeutic targets for diseases that are
difficult to treat, like idiopathic pulmonary fibrosis (IPF).
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

ASC/TMS1 Cell signaling Technology AB_2799736
NLRP3 Cell signaling Technology AB_2722591
IL-1B R and D Systems AB_416684
Caspase-1 Millipore AB_2068894
B-Actin Cell signaling Technology AB_2797972
GAPDH-HRP Sigma-Aldrich AB_1078992
Cleaved IL-1B Cell signaling Technology AB_2799421
L-Plastin (LPL) Wang et al., 2010 N/A

Pyk2 antibody mouse Cell signaling Technology AB_2174093
Anti-Rabbit-lgG-AF680 Thermo Fisher Scientific AB_2535758
anti-Rabbit IgG DyLight™ 800 Rockland AB_2610841
anti-mouse IgG-IRDye800 Rockland AB_220125
anti-mouse IgG-AF680 Thermo Fisher Scientific AB_2535724
DyLight™ 594 AffiniPure Rabbit Jackson ImmunoResearch AB_2340204
Anti-Mouse IgG + IgM (H+L) Laboratories

Phospho-Pyk2 (Tyr402) Antibody #3291 Cell signaling Technology AB_2300530
CD11b- PE-Cy7 BioLegend AB_312799
CD45- BV510 BioLegend AB_2563378
F4/80-APC BioLegend AB_893493
Ly6G-PE BioLegend AB_1186104
Ly6C-PercP-Cy5.5 BioLegend AB_1659242

Bacterial and virus strains

Streptococcus pneumoniae D39
Streptococcus pneumoniae D39Aply

Dr. J. Rosch Rowe; (Rowe et al., 2019)

Dr. Elaine I. Tuomanen; (Orihuela et al.,
2004)

NCBI:txid373153
N/A

Chemicals, peptides, and recombinant proteins

Lipopolysaccharide (LPS)

Nigericin

Adenosine triphosphate (ATP)
Flagellin protein

Monosodium urate (MSU)

Z-vad-fmk

MCC-950

PF-431396

Collagen-1

Streptavidin Cy5-plasmonic-fluors
Phalloidin-AlexaFluor-488

DOTAP liposomal transfection reagent
Bleomycin sulfate

p-dimethyl amino benzaldehyde (p-DMAB

Invivogen

Sigma Aldrich
Sigma Aldrich
Invivogen
AdipoGen Life Science
Enzo LifeSciences
Selleckchem
Sigma-Aldrich
Corning

Luan et al., 2020
Invitrogen

Sigma Aldrich
Fisher Scientific
Sigma Aldrich

Cat# tIrl-3pelps
Cat# N7143

Cat# 10127523001
Cat# tirl-stfla

Cat# AG-CR1-3950-2002
Cat# BML-P416-000
Cat# S8930

Cat# PZ0185

Cat# 354236

N/A

Cat# A12379

Cat# 11202375001
Cat# 50148547

Cat# 156477

Critical commercial assays

Mouse IL-1p ELISA assay kit
Mouse IL-18 ELISA assay kit
Mouse IL-6 ELISA assay kit
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Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific

AB_2574946
AB_2575692
AB_2574989

(Continued on next page)



Cell Reports

¢? CellPress

OPEN ACCESS

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Mouse TNF-a ELISA assay kit Thermo Fisher Scientific AB_2575080
FAM-FLICA® caspase-1 assay Kit Immunochemistry Cat# M0815
Experimental models: Organisms/strains

C57BL/6 mice N/A

B6.Cg-Gt(ROSA)26Sortm1(CAG-Pycard/mCitrine*,-
CD2*)Dtg/J Mus musculus (ASC-Citrine reporter mice)

C57BL/6 LPL-S5A mice
C57BL/6 LPL™" mice

The Jackson Laboratory

Anaya et al., 2021
Chen et al., 2003

IMSR_JAX:030743

N/A
N/A

Software and algorithms

Prism9

ImageJ
Image Studio lite
FlowdJo

GraphPad

NIH
LI-COR Biosciences
BD Biosciences

https://www.graphpad.com/scientific-
software/prism/

https://imagej.nih.gov/ij/
N/A
https://www.flowjo.com/solutions/flowjo

Other

Silica gel containing glass bottom 96 well plates
StrataClean resin
Anti-mouse IgG-conjugated beads

Advanced BioMatrix
Agilent Technologies
Rockland

Cat# 5255; #5261
Cat# 400714
Cat# 00-8811-25

RESOURCE AVAILABILITY

Lead contact
Any additional information and inquiries regarding reagent and experimental resources should be directed to the lead contact,
Sharon Celeste Morley (morleys@wustl.edu).

Materials availability
e This study did not generate new unique reagents.
® There are restrictions on the availability of bacterial strains, due to a material transfer agreement (MTA) requirement.

Data and code availability
o No standardized data types are reported in this study. All data reported in this paper will be shared by lead contact upon
request.
e This study does not report any original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All animal procedures are conducted in accordance with the National Institute of Health (NIH) Guide for the care and Use of
Laboratory animals and approved by the Institutional Animal Care and Use Committee (IACUC), Washington University, St. Louis.
Animals were housed at the Animal Resource Center (CU-AMC) and were routinely monitored for general health, cage changes,
feeding and overcrowding.

Mice were age (8-10 weeks) and gender matched. Wild-type (WT) and LPL™"~ mice with C57BL/6 background were used at
6-10 weeks of age (Chen et al., 2003). ASC-Citrine reporter mice (B.6 Gt (ROSA)26Sor'™!-1(CAG-Pycard/mGitrinex,-CD24Dtg) \yerg
purchased from The Jackson Laboratory. LPL S5A mice with C57BL/6 background were generated with use of designed guide
RNA targeting the change by using the CRISPR/Cas9 system provided by Genome Engineering & iPSC Center at the Washington
University School of Medicine (WUSM), St. Louis, MO and used with CRISPR control WT mice (Anaya et al., 2021). Used mouse
model and bacterial strain are listed in the key resources table.

/—

Pneumococcal infections

Streptococcus pneumoniae (D39; serotype 2) (Rowe et al., 2019) or its pneumolysin-deficient mutant (D39Aply) (Orihuela et al., 2004)
were grown overnight on plates containing trypticase soy agar with 5% sheep blood. Mice were challenged with ~5 x 10* colony
forming units (cfu) in 20 uL of Dulbecco’s PBS [DPBS]) via intra-tracheal instillation (Deady et al., 2014). Bronchoalveolar lavage
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(BAL) fluid was obtained 24 h after challenge and bacterial burden quantified by serial dilution. Infected mice were monitored
once daily for change in body weight for 5 d. For body weight loss experiment, infected mice were monitored once daily for change
in body weight for 5 days and animals that lost >20% of starting weight were euthanized. WT D39 bacteria was kindly provided by
Dr. J. Rosch (Rowe et al., 2019) and pneumolysin deficient (D39Aply) strain was generous gift from Dr. Elaine I. Tuomanen (Orihuela
et al., 2004).

MSU-induced peritonitis

Monosodium urate (MSU; 250 pg in 100 puL PBS) (AdipoGen Life Science; Cat#AG-CR1-3950-2002) or PBS was administered via . p.
injection. Mice were sacrificed 6 h post-challenge. Peritoneal exudate was analyzed by flow cytometry for infiltrating immune cells
(BD LSRFortessa™). Directly fluorescently labeled antibodies used at 1:200 dilution for flow cytometry staining are, CD11b- PE-Cy?7,
CD45- BV510, F4/80-APC, Ly6G-PE, Ly6C-PercP-Cy5.5. Flow cytometry data was analyzed using FlowJo (BD) software. For
antibodies details refer to key resources table.

Bleomycin-induced lung fibrosis

Mice received a single intranasal dose of bleomycin sulfate (2 mg/kg) (Fisher Scientific; Cat#50148547). Body weights were ob-
tained weekly and mice sacrificed 21 d after inoculation. BAL fluid was analyzed for IL-1 via immunoblot and for hydroxyproline
content by a colorimetric assay using Ehrlich’s reagent (p-dimethyl amino benzaldehyde (p-DMAB)) (Van Dyken et al., 2017).
Lungs were fixed in 4% paraformaldehyde and 8-um sections generated. Lung sections underwent staining with hematoxylin
and eosin or Masson trichrome, and images were acquired by the core facility of the Division of Comparative Medicine at
Washington University.

In vitro macrophage stimulation

To obtain alveolar macrophages (AMs) bronchoalveolar lavage (BAL) was harvested from naive mice using DPBS (gibco; Cat#14190-
136) containing 1% fetal bovine serum (FBS) (Sigma-Aldrich; Cat#F2442) and 0.6mM EDTA. BAL was resuspended in complete
DMEM (gibco; Cat#11965-084) and after 1 hour of culture, non-adherent cells were removed via washing with fresh culture media.
Adherent AMs were used for further stimulations (Zhou et al., 2016).

For bone marrow derived macrophages (BMDMs), mice femurs and tibias were harvested and bone marrow was flushed with
DPBS containing 1% FBS. Collected bone marrow cells were treated with BD lysis buffer (BD; Cat#555899) for lysing red blood cells.
To induce differentiation to macrophages, bone marrow cells cultured in DMEM supplemented with 10% L929 conditioned media
(containing macrophage colony stimulating factor (M-CSF) and 10% FBS, 1% penicillin/streptomycin (Lonza; Cat# BW17602E).
BMDMs were collected using cellstripper™ buffer (Corning; Cat#25-056-Cl) after 7 days of culture and then further used for
stimulations.

For invitro activation assays, macrophages were maintained in Dulbecco’s modified essential medium (DMEM) supplemented
with 10% fetal bovine serum (FBS) (dos Santos et al., 2015). For NLRP3 activation, priming ‘signal-1’ was provided by TLR4
activation using LPS (500 ng/ml for BMDMs and 1 pg/ml for AMs) (InvivoGen; Cat#tlrl-3pelps) treatment for 4 hrs. After that,
specific NLRP3 inflammasome activators such as nigericin (20uM; Sigma Aldrich; Cat#N7143; 30 m), ATP (5mM; Sigma
(Roche); Cat#10127523001; 30 m) or pneumolysin toxin (1 png; 1 h) were added. (Other concentrations or durations are specified
in the figure legends). Purified pneumolysin toxin was received as a kind gift from Dr. Elaine I. Tuomanen, St. Jude Children’s
Research Hospital, TN, USA. For NLRC4 inflammasome stimulation, LPS primed (500 ng/ml for 4 h) macrophages were
transfected with purified flagellin protein (1 pg/ml for 1 h; S. typhimurium; InvivoGen; Cat#tlrl-stfla) using DOTAP liposomal
transfection reagent (Sigma (Roche); Cat#11202375001) for 2 h in OptiMEM media (gibco; Cat#31985070) (Miao et al.,
2006). Pharmacological inhibitors e.g., Pan-caspase-1 inhibitor; Z-vad-fmk (Enzo LifeSciences; Cat# BML-P416-000), NLRP3
inhibitor; MCC-950 (Selleckchem; Cat#S8930) and Pyk2 inhibitor; PF-431396 (Sigma-Aldrich; Cat#PZ0185) were added
30 min before NLRP3 activation. To induce mechanotransduction AMs were cultured on Collagen-1 (Corning; Cat#354236,
100pg/ml) coated silica gel containing glass bottom 96 well plates (Advanced BioMatrix; Cat#5255 and #5261). For reagents
details refer to key resources table.

In all experiments primary cells were harvested from sex and age matched mice. Data represented in the study are from sex-ran-
domized experiments.

METHOD DETAILS

ELISA

Culture supernatants (fresh or stored at -80°C) from stimulated macrophages were determined by using ELISA detection kits to
measure secreted IL-1p (AB_2574946) and IL-18 (AB_2575692) as per manufacturer instructions. In parallel, for LPS priming signal,
TNF-o (AB_2575080) and IL-6 (AB_2574989) were detected from culture medium using ELISA technique as per manufacturer instruc-
tions. IL-1p quantification was normalized to corresponding levels of TNF-« (in AMs) and IL-6 (in BMDMs), to standardize for priming
across multiple experiments. For reagent details refer to key resources table.
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Confocal and super-resolution microscopy

Fluoro-dot assay

To detect localized cytokine secretion from AMs, novel plasmon-enhanced fluoro-dot assay was used (Luan et al., 2020). AMs were
seeded at density of 5,000 cells/well on glass-bottom 96-well black plates (Cellvis; Cat#P96-1.5H-N) coated with ELISA capture
antibody (2 ng/ml in PBS). After NLRP3 activation, cells were fixed using 4% neutral buffered formalin (NBF) and incubated with
ELISA biotinylated detection antibodies (anti-TNF-a. and anti-IL-1p) followed by streptavidin Cy5-plasmonic-fluors. Nuclei were
visualized with DAPI. Images were acquired using a Nikon TsR2 epifluorescence illumination microscope with 20x air objective,
0.75 numerical aperture for secreted cytokines. For image processing and quantification of IL-1 particles from each cell/cluster,
ImagedJ was used.

ASC speckdetection. AMsisolated from WT and LPL”~ ASC-citrine reporter mice (Tzeng et al., 2016) were cultured on 8 chamber cover
glass (Eppendorf; Cat#0030742036). For NLRP3 activation nigericin (20 uM for 30 m) was exposed after LPS (1 ug/ml for 4 h) priming. For
microscopic preparation, cells were fixed in 2% paraformaldehyde (PFA) and mounted on slides using DAPI containing mounting me-
dium (Vectashield; Cat#H-1200-10). Images were acquired using Olympus FLUOVIEW FV1000, software version FV10-ASW 2.0.0.7,
with a 20x air objective and 0.75 numerical aperture. ASC specks were quantified in cells by a blinded observer using ImageJ.
Podosome imaging. Synchronous podosome formation in BMDMs was induced by exposure to FBS-containing DMEM for 30 min
after 1.5-h serum starvation (Zhou et al., 2016). Cells were fixed with 4% paraformaldehyde, permeabilized with 0.1% Triton™-x-100,
blocked in 5% normal goat serum, then stained with Phalloidin-AlexaFluor-488 (Invitrogen; Cat#A12379) (for F-actin) and anti-Pyk2
antibody (Cell Signaling; cat#3480S). Anti-Pyk2 antibody was detected via secondary antibody conjugated to DyLight-594 (Jackson
ImmunoResearch Laboratories, West Grove, PA). Nuclei were visualized with DAPI. Images were acquired using a Zeiss LSM 880 Il
with Airyscan FAST confocal microscope with a 60x oil objective and numerical aperture 1.40.

Measurement of caspase-1 activation

To determine activated caspase-1 upon NLRP3 activation, AMs were stimulated with various stimulants as described earlier.
Activated cells were stained using FAM-FLICA® caspase-1 assay Kit (Immunochemistry; Cat#M0815) as per manufacturer
instructions. FAM-FLICA® stained AMs were subjected to flow cytometry (BD LSRFortessa™) for assessing caspase-1 activity at
FITC fluorochrome excitation. To obtain NLRP3 induced MFI, autofluorescence from unstained cells was subtracted from NLRP3
activated cells.

Immunoblotting

Cell lysates were prepared using RIPA lysis buffer containing protease and phosphatase Inhibitors (Sigma Aldrich: Cat#PPC1010)
and further processed in Laemmli buffer and stored in -20°C. Cell lysates were resolved using SDS-PAGE gels and proteins were
transferred on PVDF-membranes (Bio-Rad; Cat#165800). For detecting proteins, membranes were incubated with specific primary
antibodies overnight at 4°C. Used primary and secondary antibodies are listed in key resources table. Primary antibodies diluted
in TBST (5% milk or 3% BSA), ASC/TMS1 (1:500), NLRP3 (1:500), IL-1p/IL-1F2 (1:1000), caspase-1 (1:1000), B-Actin (1:4000),
GAPDH-HRP (1:2000), Cleaved IL-1 (1:500), I12A2 (m-LPL) (1:500), anti-Pyk2 antibody mouse (1:1000) , and anti-Phosphorylated
(Tyr-402)-Pyk2 antibody mouse (1:500) for application. Secondary antibody directed to primary antibody used at dilution of
1:10000; anti-rabbit 1IgG-AF680, anti-Rabbit IgG DyLight 800, anti-mouse IgG-IRDye800, anti-mouse IgG-AF680. For detecting
IL-1B, supernatants were incubated with StrataClean resin (Agilent Technologies; Cat#400714) overnight. Beads bound proteins
were eluted by boiling with Laemmli buffer and used forimmunoblotting. For imaging, membranes were scanned in LI-COR- Odyssey
imager. Densitometry analysis was performed using ImageStudio™ (LI-COR) software. In figures, corresponding molecular weights
are indicated in kD units with shown protein bands.

ASC oligomerization assay

NLRP3 activated BMDMs cells were lysed in wells using 1% Triton™ x-100 (Sigma-Aldrich) containing protease and phosphatase in-
hibitors (Sigma Aldrich; Cat#PPC1010). For cross-linking oligomerized ASC, Triton™ x-100 insoluble fraction of cell lysate was subjected
to 2 mM disuccinimidyl suberate (DSS) (Thermofisher; Cat#A39267) treatment for 30 m at room temperature. Pellets were then dissolved
by boiling in Laemmli buffer and resolved in SDS-PAGE together with input control (Triton™ x-100 soluble fraction of cell lysate).

Co-immunoprecipitation assay

After NLRP3 activation (LPS + nigericin), BMDMs (1 x 107 cells per sample) were lysed in immunoprecipitation (IP) buffer
(Pierce; Cat#87788). Lysates were incubated overnight with anti-Pyk2 antibody. Complexes were precipitated using anti-mouse IgG-
conjugated beads (ROCKLAND; Cat#00-8811-25) as per manufacturer’s instructions. Samples were immunoblotted for co-precipitated
ASC and/or NLRP3 protein. Mouse-specific IgG isotype was used for IP negative control, and whole cell lysate was used as input control.

QUANTIFICATION AND STATISTICAL ANALYSIS

Immunoblots were visualized using a LI-COR Odyssey imager. Densitometry analysis was performed using ImageStudio™ (LI-COR)
software. Microscopic images were analyzed using Imaged software (NIH). Flowcytometry results calculated (frequency and median

Cell Reports 38, 110507, March 15, 2022 e4




¢? CellP’ress Cell Reports

OPEN ACCESS

fluorescent intensity (MFI)) by FLOWJO (BD) software. ELISA results were quantified using spectrophotometer at 450 nm absorbance
(BioTek).

Quantified data were graphed and analyzed using Prism (GraphPad Software, La Jolla, CA). Non-parametric Mann-Whitney,
Wilcoxon or ANOVA tests were employed, as indicated in figure legends, and p values < 0.05 were considered significant. In figure
legends, n = is number of data points (from ELISA and immunoblot densitometry analysis) collected from parallel stimulations
(technical repeats) within independent experiments (biological replicates) or otherwise mentioned in figure legends.
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