
www.manaraa.com

Galectin-3 promotes noncanonical inflammasome
activation through intracellular binding to
lipopolysaccharide glycans
Tzu-Han Loa,b,c

, Hung-Lin Chenc
, Cheng-I Yaod

, I-Chun Wengc
, Chi-Shan Lic, Chi-Chun Huangc

,
Nien-Jung Chene

, Chun-Hung Lind
, and Fu-Tong Liua,b,c,f,1



aTaiwan International Graduate Program in Molecular Medicine, National Yang-Ming University, Taipei 11221, Taiwan; bTaiwan International Graduate
Program in Molecular Medicine, Academia Sinica, Taipei 11529, Taiwan; cInstitute of Biomedical Sciences, Academia Sinica, Taipei 11529, Taiwan; dInstitute
of Biological Chemistry, Academia Sinica, Taipei 11529, Taiwan; eInstitute of Microbiology and Immunology, School of Life Sciences, National Yang-Ming
University, Taipei 11221, Taiwan; and fDepartment of Dermatology, School of Medicine, University of California, Davis, CA 95616

Edited by Hao Wu, Harvard Medical School, Boston, MA, and approved May 23, 2021 (received for review January 10, 2021)

Cytosolic lipopolysaccharides (LPSs) bind directly to caspase-4/5/11
through their lipid A moiety, inducing inflammatory caspase oligomer-
ization and activation, which is identified as the noncanonical inflam-
masome pathway. Galectins, β-galactoside–binding proteins, bind to
various gram-negative bacterial LPS, which display β-galactoside–
containing polysaccharide chains. Galectins are mainly present intracel-
lularly, but their interactions with cytosolic microbial glycans have not
been investigated. We report that in cell-free systems, galectin-3 aug-
ments the LPS-induced assembly of caspase-4/11 oligomers, leading to
increased caspase-4/11 activation. Its carboxyl-terminal carbohydrate-
recognition domain is essential for this effect, and its N-terminal do-
main, which contributes to the self-association property of the protein,
is also critical, suggesting that this promoting effect is dependent on
the functional multivalency of galectin-3. Moreover, galectin-3 en-
hances intracellular LPS-induced caspase-4/11 oligomerization and acti-
vation, as well as gasdermin D cleavage in human embryonic kidney
(HEK) 293T cells, and it additionally promotes interleukin-1β production
and pyroptotic death in macrophages. Galectin-3 also promotes
caspase-11 activation and gasdermin D cleavage in macrophages treat-
ed with outer membrane vesicles, which are known to be taken up by
cells and release LPSs into the cytosol. Coimmunoprecipitation con-
firmed that galectin-3 associates with caspase-11 after intracellular
delivery of LPSs. Immunofluorescence staining revealed colocaliza-
tion of LPSs, galectin-3, and caspase-11 independent of host
N-glycans. Thus, we conclude that galectin-3 amplifies caspase-4/
11 oligomerization and activation through LPS glycan binding,
resulting in more intense pyroptosis—a critical mechanism of host
resistance against bacterial infection that may provide opportunities
for new therapeutic interventions.
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Lipopolysaccharides (LPSs) are pathogen-associated molecular
patterns that can elicit a host defense response through binding

to cell-surface Toll-like receptor 4 (TLR4). Systemic inflammatory
response syndrome is induced by overstimulation of the innate
immune response via LPSs, resulting in severe multiple organ fail-
ure, which is a major cause of death worldwide in intensive care
units (1). LPS-induced dimerization of TLR4 initiates signal trans-
duction involving the NF-κB– and MyD88-dependent and -inde-
pendent pathways, thereby contributing to various inflammatory
responses (2). Another set of the immune repertoire, which resides
in the cytosol and comprises NLRP1, NLRP3, NAIP/NLRC4, and
AIM2, is known as the inflammasome. Inflammasomes can be ac-
tivated in response to a number of well-defined pathogen-derived
ligands and physiological aberrations, which in turn trigger caspase-
1–mediated pyroptotic death (3, 4). This process has been associ-
ated with strengthening the host defense program to eliminate
intracellular bacteria.
Recently, a cytosolic LPS-sensing pathway involving caspase-4/5

in humans and caspase-11 in mice was termed the noncanonical

inflammasome pathway, and this pathway is independent of TLR4
(5–8). LPSs from extracellular bacteria can enter the cytoplasm
and trigger caspase-4/5/11–dependent responses. LPSs can be de-
livered into the cytosol when LPS-containing outer membrane ves-
icles (OMVs) from gram-negative bacteria are taken up by the cells
or when intracellular bacteria escape from the phagosomes that are
damaged by host resistant factors such as guanylate-binding protein
and HMGB1 or microbe-derived hemolysins (9–12). LPSs comprise
three regions: lipid A, core oligosaccharide, and O-polysaccharide
(also termed O-antigen). The lipid A moiety binds directly to the
caspase-4/5/11 caspase activation and recruitment domain (CARD,
also known as prodomain), leading to caspase oligomerization and
activation (7). This event likely mimics the proximity-induced di-
merization model of initiator caspase activation (13). Furthermore,
caspase-4/5/11 executes downstream signaling events via gasdermin
D. Activated inflammatory caspase proteolytically cleaves gasdermin
D to create an N-terminal fragment that self-oligomerizes and then
inserts into the cell membrane to form pores, causing lytic cell death
(14–17). Various stimuli have been identified in the caspase-
1–mediated canonical-inflammasome signaling pathway (3, 4), but
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the detailed mechanism underlying noncanonical inflammasome
activation mediated by caspase-4/5/11 remains unclear.
Galectins, a family of β-galactoside–binding proteins, can decode

host-derived complex glycans and are involved in various biological
responses (18–23). Galectins are nucleocytoplasmic proteins syn-
thesized without a classical signal sequence, although they can be
secreted through unconventional pathways (19, 21, 23, 24). Recent
studies have revealed prominent roles of cytosolic galectins in host
defense programs (12, 25, 26). The proposed molecular mecha-
nisms involve the binding of galectins to host glycans exposed to
the cytosolic milieu upon endosomal or phagosomal membrane
damage. In addition to binding host glycans, galectins also recog-
nize microbial glycans, particularly LPSs (27–30). However, the
contribution of galectins to the host response through binding to
cytosolic LPSs is unknown.
Galectin-3 is an ∼30-kDa protein that contains a carbohydrate-

recognition domain (CRD) connected to N-terminal proline, gly-
cine, and tyrosine-rich tandem repeats. Upon binding to multivalent
glycoconjugates through its CRD, the protein forms oligomers,
which is attributable to the self-association property of its N-terminal
region (31, 32). Galectin-3 binds to LPSs of various gram-negative
bacteria by recognizing their carbohydrate residues (33–36).
Although structural information is scarce (37), existing informa-

tion suggests that ligand-induced oligomerization of caspase CARD
is necessary for the activation of inflammatory caspases (7, 38).
Therefore, we hypothesized that galectin-3 may be an intracellular
LPS sensor that participates in LPS-induced CARD-mediated in-
flammatory caspase activation. Specifically, highly ordered arrays of
LPS–galectin-3 complexes may amplify caspase-4/5/11 oligomeri-
zation and activation. Here, we investigated the formation of
galectin-3–LPS–caspase-4/11 complexes in cell-based and cell-free
systems. Our findings provide evidence regarding a role of galectin-
3 as an intracellular mediator in noncanonical inflammasome acti-
vation through LPS glycan recognition.

Results
LPSs Form Ternary Complexes with Galectin-3 and Caspase-11. We
first confirmed that galectin-3 binds to Escherichia coli LPSs in a
carbohydrate-dependent manner (SI Appendix, Fig. S1), with a dis-
sociation rate constant (KD) of ∼100 nM, but does not bind to
muramyl dipeptide (MDP) (SI Appendix, Fig. S2 A and B). Also, in a
cell-free system with various truncated domains of caspase-11
(Fig. 1A), we found that both caspase-11 CARD and galectin-3
could be coisolated with LPSs (Fig. 1B). Importantly, we found
that the caspase-11 CARD was coimmunoprecipitated with galectin-
3 in the presence of E. coli LPSs (Fig. 1C). Here, such coimmuno-
precipitation was not observed in the presence of Helicobacter pylori
LPSs (Fig. 1C), which contain tetra-acylated lipid A, unlike E. coli,
which contains hexa-acylated lipid A, although both strains display
sugar moieties recognizable by galectin-3 (33, 36). This is consistent
with the fact that H. pylori LPSs have been shown to escape caspase-
11 surveillance, although the mechanism is unknown (8). Interest-
ingly, the caspase-11 catalytic domain was coimmunoprecipitated
with galectin-3 in the presence ofH. pylori LPSs but not E. coli LPSs
(Fig. 1D). Galectin-3 also formed complexes with the caspase-11
CARD in the presence of Salmonella minnesota LPSs (SI Appen-
dix, Fig. S3). These findings suggest that LPSs from various bacterial
strains interact with different domains of caspase-11 and that
galectin-3 is associated with this complex through binding to LPSs.
The formation of galectin-3–LPS–caspase-11 complexes was pre-
vented by the presence of lactose, an inhibitor of galectin-3–glycan
interaction, but not by sucrose, which does not bind to galectin-3
(Fig. 1E). Hence, galectin-3 binds to LPSs and forms ternary com-
plexes with caspase-11 in a carbohydrate-dependent manner.

Galectin-3 Amplifies LPS-Induced Caspase-11 Complex Assembly and
Activation in a Carbohydrate-Dependent Manner. Various amounts
of galectin-3, as well as LPSs, were added to recombinant caspase-

11 CARD to test whether galectin-3 could promote the assembly of
caspase-11 complexes upon binding to LPSs. As expected, LPSs
induced the formation of caspase-11 oligomeric complexes
(>1,000 kDa) in a dose-dependent manner (Fig. 2A). Galectin-3
significantly amplified the formation of these complexes at lower
but not higher LPS concentrations (Fig. 2B). High-molecular-
weight molecules containing galectin-3 of similar size to oligo-
meric caspases were also detected (Fig. 2B). Consistent with the
fact that formation of caspase-11 oligomeric complexes results in
its activation (7), we found galectin-3 enhanced LPS-induced
caspase-11 enzymatic activity (Fig. 2C). This promoting effect
was blocked by lactose but not sucrose (Fig. 2C), suggesting that
recognition of LPS β-galactoside residues by galectin-3 is involved
in this effect. Moreover, while galectin-3 increased LPS-induced
caspase-11 enzymatic activity in a dose-dependent manner, the
carboxyl-terminal domain fragment of galectin-3 (galectin-3C) was
ineffective in this regard (Fig. 2D). The N-terminal domain of
galectin-3 is known to be essential for the multivalent property of
the full-length protein because this domain is engaged in protein
self-association. Hence, these results suggest that the functional
multivalency of galectin-3 is critical for this promoting effect.
Overall, these observations indicate that galectin-3 promotes LPS-
induced caspase-11 oligomerization and activation by recognizing
LPS glycans.

Intracellular Galectin-3 Enhances Caspase-11 Complex Assembly and
Gasdermin D Cleavage. Next, we tested the effect of galectin-3 on
caspase-11 oligomerization via LPSs inside the cell. Human HEK
293T cells, which contain only a low amount of galectin-3, were
transfected with galectin-3 alone or in combination with caspase-11
followed by transfection with LPSs. Galectin-3 did not cause
caspase-11 oligomerization in the absence of LPSs. In the absence
of galectin-3, LPSs were insufficient to induce caspase-11 oligomers
(Fig. 3A). In contrast, a large amount of caspase-11 oligomers
were detected in cells cotransfected with galectin-3 and
caspase-11 when combined with intracellular delivery of LPSs
(Fig. 3A). Moreover, caspase-11 oligomerization was not ob-
served in cells transfected with a galectin-3 mutant lacking func-
tional carbohydrate-binding activity (Fig. 3B). These data indicate
that CRD of galectin-3 is required for caspase-11 oligomerization
in the presence of LPSs.
Activated caspase-4/5/11 proteolytically cleaves gasdermin-D

(p50) to generate its 30-kDa N-terminal fragment (p30), thereby
initiating pyroptotic cell death (15). HEK 293T cells were cotrans-
fected with gasdermin D, galectin-3, and caspase-11, followed by
transfection with LPSs, to test whether galectin-3 could facilitate
cleavage of gasdermin D. Galectin-3 did not increase cleavage of
gasdermin D in the absence of LPSs but amplified cleavage in cells
transfected with low but not high doses of LPSs (Fig. 3C). It is to be
noted that a low level of gasdermin D N-terminal fragments (p30)
was detected when cells were cotransfected with caspase-11 and
gasdermin D, but not when cells were cotransfected with LPSs
(Fig. 3C), which might be related to the spontaneous formation of
caspase-11 oligomers, which exhibit proteolytical activity to cleave
gasdermin D even in the absence of its ligand.

Galectin-3 Promotes Intracellular LPS-Induced Noncanonical Inflammasome
Activation in Macrophages. We then investigated whether cytosolic
galectin-3 could contribute to noncanonical inflammasome acti-
vation in macrophages. Bone marrow–derived macrophages
(BMDMs) contain low levels of caspase-11, but a priming step
[mediated by substances such as Pam3CSK4, poly(I:C), and LPSs]
for TLR-mediated transcriptional activation can significantly en-
hance its expression (39). We first determined whether galectin-3
regulates the expression of caspase-11. When BMDMs from wild-
type (WT) and galectin-3 knockout (KO) mice were primed with
Pam3CSK4, two isoforms of caspase-11 (38 and 43 kDa) were
highly induced, but both were comparably expressed between two
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genotypes of BMDMs (SI Appendix, Fig. S5). This indicates that
galectin-3 does not affect caspase-11 expression through
transcriptional regulation.
Next, BMDMs were transfected with LPSs from E. coli,H. pylori,

Pseudomonas aeruginosa, S. minnesota, or Klebsiella pneumoniae.
Significantly lower levels of pyroptosis, indicated by lactate dehy-
drogenase (LDH) release (Fig. 4A) and IL-1β secretion (Fig. 4B),
were observed in galectin-3 KO BMDMs compared to WT cells in
response to all bacterial LPSs used except that from H. pylori.
Compared to WT cells, galectin-3 KO BMDMs also exhibited a
lower extent of caspase-11 activation, which was measured by the
appearance of caspase-11 in the culture supernatant (Fig. 4C) (8,
12). These data indicate that galectin-3 promotes intracellular LPS-
induced noncanonical inflammasome activation in macrophages.
The negative result for the H. pylori LPS is consistent with the fact
this LPS poorly triggers noncanonical inflammasome activation (5).
We also generated galectin-3 KO RAW 264.7 mouse macro-

phage cell lines and noted that these cells exhibited a lower cyto-
solic LPS-induced pyroptotic response than WT cells after they
were transfected with LPSs (Fig. 4 D and E). This was also con-
firmed when LPSs from E. coli or S. minnesota were electroporated
into the cells (SI Appendix, Fig. S6). Moreover, ectopic expression
of galectin-3 in galectin-3 KO RAW 264.7 cells restored the ability
of cytosolic E. coli and S. minnesota LPSs to induce pyroptosis.
These findings were not observed with ectopic expression of a
galectin-3 mutant lacking functional carbohydrate-binding activity
(SI Appendix, Figs. S7 and S8 A and B).
β-galactoside–containing glycans are present in the O-antigen

and core sections of LPSs. Sugar-free LPS Re variants (derived
from E. coli and S. minnesota LPSs) were transfected into the
RAW 264.7 macrophage cell line, and LPSs were isolated from
the cell lysate using beads coated with antibodies against lipid A.

In lysates from cells transfected with full-length LPSs, galectin-3
could be coisolated with LPSs but not from those transfected with
LPS Re (SI Appendix, Fig. S9 A and B). Moreover, caspase-11
could be coisolated with galectin-3 in the RAW 264.7 macro-
phage cell line transfected with LPSs but not sugar-free LPS Re
(SI Appendix, Fig. S9 A and B). Compared with sugar-free LPS Re,
the transfection of cells with full-length LPSs resulted in more
intense pyroptotic death (SI Appendix, Fig. S9 A and B). It is to be
noted that the ability of sugar-free LPS Re to induce pyroptotic
death is not as strong as that reported previously (7), which needs
to be addressed in future studies. These data emphasize that LPS
glycans are required for mediating galectin-3 interaction with
caspase-11, which results in increased pyroptotic death.
Infection with Listeria monocytogenes (LM) combined with

LPSs reportedly triggers the cytosolic LPS sensing pathway due to
phagosome lysis by the pore-forming toxin listeriolysin O (8),
resulting in pyroptotic cell death. Under these conditions, galectin-
3 KO BMDMs also exhibited less LDH release and IL-1β secre-
tion than WT cells (SI Appendix, Fig. S10 A and B). Finally,
bacterial OMVs are known to be taken up by cells and mediate
LPS intracellular delivery and subsequent caspase-11–mediated
pyroptosis (9). OMVs isolated from E. coli triggered lower cell
death in galectin-3 KO cells (Fig. 4F and SI Appendix, Fig. S11).
Altogether, these data indicate that galectin-3 promotes non-
canonical inflammasome activation in macrophages and that its
CRD is essential for this function.

Galectin-3 Forms Complexes with Caspase-11 and Increases Cleavage
of Gasdermin D in Macrophages after LPS Intracellular Delivery. We
then proceeded to detect the formation of galectin-3–caspase-11
complexes in macrophages induced by LPS intracellular delivery.
BMDMs were transfected with E. coli LPSs followed by treatment

Fig. 1. LPSs form ternary complexes with galectin-3
and caspase-11. (A) Schematic illustration of full-
length caspase-11 and its truncated domains (CARD
and catalytic domain) with a GST tag. (B) GST-tagged
caspase-11 CARD and/or galectin-3 were incubated
with biotinylated E. coli LPSs and then mixed with
streptavidin beads. The bound protein was eluted
from the beads, followed by immunoblotting anal-
ysis. (C and D) Reaction mixtures containing galectin-
3 and GST-tagged caspase-11 CARD (C) or catalytic
domain (D) were incubated with E. coli or H. pylori
LPSs. The mixtures were treated with anti–galectin-3
antibodies, and the immunoprecipitates were sub-
jected to immunoblotting with anti-GST antibodies
for detection of caspase-11 truncated domains. (E)
Galectin-3 was incubated with GST-tagged caspase-
11 CARD and LPSs in the presence of lactose or su-
crose. The mixtures were treated with anti–galectin-3
antibodies, and the immunoprecipitates were sub-
jected to immunoblotting with anti-GST antibodies. In
B through E, the immunoblots of the total input
proteins are shown in the lower sections. Data are
representative of three independent experiments.
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with a membrane-permeable chemical crosslinker, dithiobis suc-
cinimidyl propionate (DSP). As shown in Fig. 5A, galectin-3 could
be coimmunoprecipitated with caspase-11 from these cells. Similar
results were obtained in RAW 264.7 and J774 mouse macrophage
cell lines transfected with LPSs from E. coli, H. pylori, P. aerugi-
nosa, S. minnesota, or K. pneumoniae (Fig. 5 B and C). These data
indicate that the association between galectin-3 and caspase-11
occurs in macrophages after LPS intracellular delivery. Here,
theH. pylori LPS also promotes the association between galectin-3
and caspase-11 (Fig. 5 B and C), because this LPS binds to the
catalytic domain of caspase-11 (Fig. 1D) and is recognized by
galectin-3 even though it does not trigger pyroptotic cell death.
We also addressed whether galectin-3 regulates caspase-11–

mediated gasdermin D cleavage in macrophages. Cytosolic LPSs
induced gasdermin D cleavage in a caspase-11–dependent man-
ner, which occurred at lower levels in galectin-3 KO RAW 264.7
cells (Fig. 5D). Additionally, we found that OMV-induced caspase-
11 activation and gasdermin D cleavage were abrogated in galectin-
3 KO RAW 264.7 cells (Fig. 5E). Gasdermin D (p50) was detected
in the culture supernatant after LPS transfection (Fig. 5D) but not
after OMVs treatment (Fig. 5E). This may be due to the smaller
pores formed, reflecting a lower extent of pyroptosis (40) and thus
more limited lytic release of larger molecules in cells treated with
OMV compared to those transfected with LPSs. These data in-
dicate that galectin-3 promotes gasdermin D cleavage after LPS
intracellular delivery in macrophages.

Galectin-3 Colocalizes with Caspase-11 in Macrophages after LPS
Intracellular Delivery. The J774 mouse macrophage cell line was
transfected with the S. minnesota LPS and examined at various
times by immunofluorescence staining to determine the association
between galectin-3 and caspase-11. Galectin-3 began colocalizing

with caspase-11 4 h after transfection, and peak colocalization was
observed 8 h after transfection (Fig. 6 A–E) as confirmed by cal-
culating Pearson’s correlation coefficient (Fig. 6 B and C) (41).
These results suggest that galectin-3 colocalizes with caspase-11 in
macrophages after LPS intracellular delivery.
Exposure of host glycans due to damaged intracellular vesicles

(or pathogen-containing vacuoles) can lead to galectin recruitment
followed by activation of the autophagy machinery (25).We generated
mutant RAW 264.7 cells lacking N-acetylglucosaminyltransferase
I (encoded by Mgat1), which is responsible for the biosynthesis of
the complex type-N glycans, the glycan ligands of galectin-3 (42).
Galectin-3 still colocalized with both LPSs and caspase-11 in
Mgat1 KO RAW 264.7 cells (Fig. 6F), indicating that galectin-3
forms complexes with caspase-11 in the presence of LPSs inde-
pendently of host N-glycans.

Galectin-3 Promotes LPS-Induced Caspase-4 Oligomerization and
Activation, Leading to More Severe Pyroptosis in Macrophages.
Caspase-4 and -5 are the human orthologs of mouse caspase-11,
with caspase-4 sharing 59% homology with mouse caspase-11. The
functional similarities between mouse caspase-11 and human
caspase-4 and -5 in response to LPSs were recently highlighted (7,
43, 44). Therefore, we examined whether galectin-3 is involved in
caspase-4–mediated pyroptosis using the galectin-3 knockdown
human THP-1 cell line (Fig. 7A). After transfection with E. coli or
S. minnesota LPSs, galectin-3 knockdown THP-1 cells exhibited
less LDH release and IL-1β secretion than WT cells (Fig. 7 B and
C). We also performed an oligomerization assay with human HEK
293T cells to test whether galectin-3 causes caspase-4 oligomeri-
zation in the presence of LPSs. These cells were transfected with
galectin-3 alone or in combination with caspase-4. LPSs alone
were insufficient to induce the formation of high-molecular-mass

Fig. 2. Galectin-3 amplifies LPS-induced caspase-11
complex assembly and activation in a carbohydrate-
dependent manner. (A, Top) Various amounts of
LPSs were added to caspase-11 CARD, and the mix-
tures were assessed by 4 to 20% native PAGE fol-
lowed by immunoblotting. High-molecular-weight
complexes were noted at the top of the gel. (Bot-
tom) The mixtures were assessed by 10% SDS-PAGE
followed by immunoblotting. (B, Top) Various
amounts of galectin-3 and LPSs were mixed with
caspase-11 CARD, and the mixtures were assessed by
4 to 20% native PAGE followed by immunoblotting.
(Bottom) The mixtures were assessed by 10% SDS-
PAGE followed by immunoblotting. The black ar-
rowheads point to the bands corresponding to
monomers and oligomers, respectively, as indicated.
(C) Galectin-3 and LPSs were added to caspase-11
along with the addition of lactose or sucrose. (D)
Various amounts of galectin-3 or galectin-3C were
added to LPSs and caspase 11. In both C and D,
caspase-11 enzymatic activity was assayed using the
fluorogenic substrate Z-VAD-AMC. Error bars indi-
cate the mean ± SD. Data are representative of three
independent experiments. Statistical analysis was
performed using unpaired Student’s t tests; *P <
0.05, **P < 0.01.
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oligomeric caspase-4 complexes (Fig. 7D), and galectin-3 did not
cause caspase-4 oligomerization in the absence of LPSs (Fig. 7D).
Caspase-4 oligomerization was only detected in cells cotransfected
with galectin-3 and caspase-4 when combined with intracellular
delivery of LPSs from E. coli, P. aeruginosa, or S. minnesota but
not MDP (Fig. 7D). These data indicate that galectin-3 is required
for caspase-4 oligomerization in the presence of LPSs.
We also conducted a protein cross-linking and oligomerization

assay using a cell-free system to investigate the promoting effect of
galectin-3 on caspase-4 oligomerization. Caspase-4 oligomerization
was triggered by the E. coli LPS (Fig. 7E). In the presence of
galectin-3, higher-order caspase-4 oligomeric complexes were ob-
served. Coimmunoblotting with anti–galectin-3 antibodies revealed
the presence of galectin-3–containing oligomeric complexes
(Fig. 7E). Caspase-4 monomers and dimers were not detected,
which may be due to size exclusion in that recombinant proteins
with an N-terminal glutathione S-transferase (GST) tag exhibit a
lower propensity to assemble into smaller size complexes (37). By
native polyacrylamide gel electrophoresis (PAGE), galectin-3 was
noted to significantly amplify the formation of caspase-4 oligomeric
complexes in the presence of LPSs. High-molecular-weight mole-
cules containing galectin-3 of similar size to oligomeric caspase-4
were also detected (Fig. 7F).
The formation of caspase-4 oligomeric complexes results in its

activation (7) as in the case of caspase-11. We thus examined
whether enhanced caspase-4 oligomerization by galectin-3 through

LPS binding heightens caspase-4 enzymatic activity. Galectin-3 en-
hanced LPS-induced caspase-4 enzymatic activity in a carbohydrate-
dependent manner (Fig. 7G). Moreover, galectin-3C was not able
to increase LPS-induced caspase-4 enzymatic activity, suggesting
that the N-terminal region of galectin-3 is critical for this promoting
effect (Fig. 7H).

Discussion
Our findings from experiments using cell-based and cell-free
systems indicate that galectin-3 is a host resistance factor in
the noncanonical inflammasome pathway. It amplifies intracel-
lular LPS-induced inflammatory caspase-4/11 assembly and ac-
tivation resulting in more severe pyroptosis. The N-terminal
region and carboxyl-terminal CRD of galectin-3 are both essential to
this function. Moreover, galectin-3 functions in this regard in a
carbohydrate-dependent manner, indicating that its recognition of
LPS glycans is critical (Fig. 8). Furthermore, the formation of
galectin-3–LPS–caspase-11 ternary complexes is independent of host
N-glycans. Therefore, by intracellularly recognizing LPS glycan
moieties, galectin-3 acts as a critical regulator of cytosolic LPS-
mediated caspase-4/11 activation and pyroptosis.
Although many extracellular bacteria, such as E. coli, Haemo-

philus influenzae, and Vibrio cholerae, rarely gain access to the
cytosol (45), bacterial OMVs can enter cells and release LPSs
intracellularly, which is followed by acute inflammatory responses
that lead to sepsis (9). Moreover, intracellular bacteria, including

Fig. 3. Intracellular galectin-3 enhances caspase-11 complex assembly and gasdermin D cleavage. (A) HEK 293T cells were transfected with a combination of
expression vectors containing galectin-3 and caspase-11, respectively, followed by transfection with E. coli LPSs or MDP. After cell lysis, inflammasome protein
complexes were enriched by serial centrifugation and treated with a noncleavable cross-linker. The cross-linking multiprotein inflammasome complexes were
analyzed by SDS-PAGE followed by immunoblotting. The caspase-11 complex was noted at the top of the gel. (B) HEK 293T cells were transfected with a
combination of expression vectors carrying WT galectin-3 or a galectin-3 CRD mutant (H158A/N160A/R162A) and caspase-11, respectively, followed by
transfection with the E. coli LPS and then processed as described in A. In A and B, the immunoblots of the total input proteins (not cross-linked) are shown in
the lower sections. (C) HEK 293T cells were transfected with a combination of expression vectors carrying gasdermin D, caspase-11, and galectin-3, respec-
tively, followed by transfection with the E. coli LPS. A total of 8 h after LPS transfection, the cell lysates were subjected to immunoblotting analysis for
detection of full-length gasdermin D (p50) and N-terminal gasdermin D (p30). The black arrowheads point to the bands corresponding to monomers,
oligomers, and gasdermin D, respectively, as indicated. Data are representative of two independent experiments.
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Salmonella typhimurium and Legionella pneumophila, are able to
survive intracellularly within pathogen-containing vacuoles (46,
47), but the integrity of these vacuoles is lost in the presence of
bacterial secretion systems, thereby releasing bacterial virulence
components, such as LPSs, into the cytosol (26, 48). The presence
of intracellular LPSs is known to activate autonomous cell im-
munity, thus contributing to host protection against pathogens.
Glycan modification found in eukaryotes is long believed to

modulate crucial host cellular processes. Our previous work used
LM to dissect the mechanism of host autophagic machinery and
suggests that the recruitment of galectin-3 to LM-containing
vacuoles was significantly decreased in Mgat1 KO RAW 264.7
cells compared to WT cells and that lack of galectin-3 results in
enhanced autophagic activation (49). Similarly, in Mgat1 KO
HeLa cells treated with L-leucyl-L-leucine methyl ester, the re-
cruitment of galectin-3 to damaged lysosomes was impaired (50).
Although these data indicate that host N-glycans are critical for

autophagic regulation, few studies have examined the role of
glycans on the surface of intracellular pathogenic bacteria in the
cellular response.
In fact, highly antigenic bacterial surface polysaccharides

exhibit considerable intraspecies variability and have a signifi-
cant impact on immune recognition (51, 52). Here, we report
that galectin-3 recognizes the “nonself” glycan structures on
LPSs and decodes their glycan information into cellular func-
tion through inflammatory caspases. Extracellular galectin-3
was previously reported to regulate LPS-mediated inflamma-
tion in macrophages (36). However, this was shown with
galectin-3 exogenously added to cells cultured in the presence
of LPSs. Also, we have reported that endogenous galectin-3
positively regulates the phagocytic capacity of macrophages
(53) and inflammasome activation by forming complexes with
NLRP3 (54) and negatively regulates T cell activation (55), but
these were not glycan dependent.

Fig. 4. Galectin-3 promotes intracellular LPS-induced noncanonical inflammasome activation in macrophages. (A) LDH release and (B) IL-1β secretion were
measured 16 h after transfection of Pam3CSK4-primed WT and galectin-3 KO BMDMs with the indicated LPSs or MDP. (C) Pam3CSK4-primed WT and galectin-3 KO
BMDMs were transfected with the indicated LPSs for 16 h. Supernatants and cell lysates were collected and immunoblotted to detect caspase-11 (38 and 43 kDa),
galectin-3, and tubulin levels. (D) LDH release was measured 16 h after transfection of Pam3CSK4-primed WT and galectin-3 KO RAW 264.7 cells with the indicated
LPSs. (E) Supernatants and cell lysates were collected from primed WT and galectin-3 KO RAW 264.7 cells 16 h after LPS transfection, analyzed by immunoblotting
with the indicated antibodies. (F) LDH release was measured 24 h after treatment of RAW 264.7 cells with bacterial OMVs. Error bars indicate the mean ± SD. Data
are representative of three independent experiments. Statistical analysis was performed using unpaired Student’s t tests; **P < 0.01, ***P < 0.001.
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It is to be noted that galectin-3 deletion in cells did not result in a
complete absence of LPS-induced responses. This is because LPSs
alone are able to induce caspase-4/5/11 activation (7). Thus,
galectin-3 serves as a modulator that cross-links LPSs, leading to a
higher-order array of LPS aggregates to amplify caspase activation.
Whether other galectins could participate in the noncanonical
inflammasome pathway remains to be addressed. However, analysis
of RNA expression from RNA-sequencing data (PRJNA547621
and PRJNA594638) revealed that in both BMDMs and RAW 264.7
cells, galectin-3 is the most abundantly expressed galectin, while
other galectins are either expressed at very low levels (galectin-1,
galectin-8, and galectin-9) or are undetectable. Moreover, our
preliminary results from the enzymatic assay indicate that galectin-7
does not have such activity.
We propose that the ability of galectin-3 to form oligomers

upon binding to LPSs is highly relevant to its enhancement of
LPS-induced caspase oligomerization and activation, which is re-
lated to the well-established ability of galectin-3 to form oligomers
upon binding to glycoconjugates. We envision that the type-N
model (31, 32) is operative here, in which galectin-3 molecules
self-oligomerize via their N-terminal region upon binding to LPS

glycan epitopes through their carboxyl-terminal CRD. Recently, a
type-C self-association model was proposed, in which galectin-3
self-oligomerizes when the carbohydrate-recognition site of one
galectin-3 molecule binds to another, with the N-terminal domain
remaining unoccupied (56). Additional investigation is required to
elucidate how galectin-3 forms oligomers upon binding to LPS–
caspase. It is to be noted that galectin-3 can bind to the lipid A
moiety of LPSs through its N-terminal domain, which is distinct
from the recognition of LPS β-galactoside via its CRD (35). How
this interaction affects the formation of galectin-3–LPS–caspase
ternary complexes also remains to be determined.
Our findings that the carboxyl-terminal carbohydrate-binding

domain fragment (galectin-3C) inhibited LPS-induced caspase-11
enzymatic activity is worth commenting on (Fig. 2D). While
galectin-3C retains the ability to bind to glycoconjugates, it is unable
to mediate their oligomerization, unlike full-length galectin-3. In
some biological systems, galectin-3C was reported to act as a neg-
ative regulator of responses mediated by endogenous galectin-3
(57–59); thus, its inability to enhance LPS-mediated caspase-11
activation was predictable. However, its ability to inhibit this pro-
cess is surprising and intriguing (Fig. 2D). LPS-sensing molecules

Fig. 5. Galectin-3 forms complexes with caspase-11 and increases cleavage of gasdermin D in macrophages after LPS intracellular delivery. (A) Pam3CSK4-
primed BMDMs were transfected with the E. coli LPS followed by treatment with a cell-permeable cleavable chemical cross-linker. The cell lysates were
immunoprecipitated with anti–caspase-11 antibodies, and galectin-3 and caspase-11 in the immunoprecipitates were assessed by immunoblotting. (B and C)
As described in A, but Pam3CSK4-primed RAW 264.7 cells (B) and J774 cells (C) were used and transfected with LPSs from different bacterial strains. In A
through C, immunoblots of the total input proteins are shown in the lower sections. (D) Pam3CSK4-primed WT, galectin-3 KO, and caspase-11 KO RAW 264.7
cells were transfected with LPSs. Supernatants and cell lysates were collected and analyzed by immunoblotting with the indicated antibodies. (E) The whole-
cell lysates and culture supernatants were collected from primed WT and galectin-3 KO RAW 264.7 cells after E. coli OMV treatment and analyzed by im-
munoblotting with the indicated antibodies. Data are representative of three independent experiments.
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are known to either enhance or neutralize LPS-mediated inflam-
matory responses (60). A previous study demonstrated that two to
five molar equivalents of LPSs are required for the formation of
complexes with inflammatory caspase, while the molar ratio of 1:1
is not sufficient for this process (61). It has been shown that LPS
aggregates were more potent in inducing cytokine production
from mononuclear cells, whereas at the same concentration, LPS
monomers were ineffective (62). Therefore, LPS self-association
may be critical for its mediation of caspase oligomerization and
activation, and galectin-3C, through binding to LPS glycans, may
inhibit this process, possibly due to steric hindrance. Full-length
galectin-3, on the other hand, is able to self-associate, thus me-
diating the formation of caspase-bound LPS clusters and trigger-
ing caspase oligomerization. Regardless of the mechanism by
which galectin-3C inhibits LPS-induced caspase oligomerization
and activation, this molecular entity has the potential to be de-
veloped into a therapeutic agent to suppress cytosolic LPS-induced
pyroptosis.
Our study used LPSs from different bacterial strains that display

glycans containing β-galactoside in the LPS O-antigen (E. coli and
H. pylori), outer core (K. pneumoniae and P. aeruginosa), or inner
core (S. minnesota) for galectin-3 binding. Through binding to
these LPSs, galectin-3 enhances pyroptotic death in a caspase-
dependent manner. Further research is required to determine
whether LPSs presenting β-galactoside from other bacterial spe-
cies function similarly for noncanonical inflammasome activation.

In addition to LPS glycan diversity, lipid A of LPSs can vary in
number and length, resulting in various degrees of pyroptotic re-
sponses. Caspase-4/5/11 has been shown to respond to penta- and
hexa-acylated lipid A (E. coli and P. aeruginosa) and mediate cell
pyroptosis. Although hepta-acylated lipid A may not be recog-
nized by caspase-11 as efficiently as canonical LPSs (63), S. min-
nesota (hepta-acylated lipid A) used in our study still showed
strong immunostimulation. By contrast, tetra-acylated lipid A
species (e.g., from Francisella novicida) recently have been shown
to escape caspase-11 recognition in mice but drive caspase-4 ac-
tivation in human macrophages, possibly due to the ability of
caspase-4 to recognize a wider variety of lipid A variants (64). In
addition to having a reduced number of acyl chains, H. pylori,
which induces a low pyroptotic response, even displays longer acyl
chains, C16 to C18, in contrast to the C12 to C14 long fatty acids
found in E. coli (65). Oxidized phospholipids (oxPAPC), an LPS
mimic, from dying cells retain the ability to bind to the caspase-11
catalytic domain (but not the CARD) (66). Liquid chromatogra-
phy tandem mass spectrometry analysis showed that the lipid
peroxidation products of oxPAPC can be C16 or C20 long fatty
acids (67). Thus, the H. pylori LPS, with a longer acyl chain (C16
or C18), might have diminished endotoxic properties by mimicking
host components like oxPAPC and bind to the caspase-11 catalytic
domain. Indeed, in a cell-free system, we found that the H. pylori
LPS binds to the caspase-11 catalytic domain instead of CARD
and forms ternary complexes with galectin-3 (Fig. 1D). Although

Fig. 6. Galectin-3 colocalizes with caspase-11 in macrophages after LPS intracellular delivery. (A) Pam3CSK4-primed J774 cells were transfected with LPSs
from S. minnesota and immunostained to detect galectin-3 (green) and caspase-11 (red) using corresponding antibodies at the indicated time points by
confocal microscopy. (B and C) Images from A were analyzed for colocalization of galectin-3 (green) with caspase-11 (red) at the indicated time points by
calculating Pearson’s correlation coefficient using ZEN software. Green color intensity was plotted against red color intensity for each pixel. Correlation
coefficient values >0.6 indicate colocalization. (D and E) High-magnification confocal images of primed J774 cells from A show merged signals (yellow) of
stained caspase-11 (red) with galectin-3 (green) at 4 and 8 h after transfection, respectively. (F) Primed Mgat1 KO RAW 264.7 cells transfected with the E. coli
LPS were immunostained to detect LPSs (purple), galectin-3 (green), caspase-11 (red), and nuclei (blue). Merged signals of LPSs, galectin-3, and caspase-11 are
shown as white. (Scale bars, 10 μm.) Error bars indicate the mean ± SD of 10 to 15 cells per experiment. Data are representative of three independent ex-
periments. Statistical analysis was performed using unpaired Student’s t tests; **P < 0.01, ***P < 0.001.
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galectin-3 could still cross-link the H. pylori LPS, why this does not
promote caspase-11 oligomerization and activation is unclear. The
H. pylori LPS binding to the catalytic domain may still trigger the
assembly of caspase-11 but possibly in an unfitting orientation to
induce its activation. Alternatively, the H. pylori LPS may block
the caspase-11 active site in the catalytic domain from being ac-
cessible to gasdermin D.
The galectin-3 level in HEK 293T cells is similar to that in

BMDMs but much higher than macrophage cell lines (SI Appen-
dix, Fig. S12). Intriguingly, unlike macrophages, in HEK 293T
cells, LPSs were insufficient to induce the formation of caspase-4/
11 complexes in the absence of galectin-3, as complexes were
detected only in cells cotransfected with galectin-3 and caspase-4/
11 combined with intracellular delivery of LPSs (Figs. 3 A and B
and 7D). Differential regulation of noncanonical inflammasome
activation by galectin-3 may exist between macrophages and HEK
293T cells, and this also implies that galectin-3 may be indispensable

for noncanonical inflammasome activation in nonimmune cells.
Another point to discuss is that galectin-3 amplified the formation
of caspase-11 oligomeric complexes at lower but not higher LPS
concentrations (Fig. 2B). We believe this is because at high con-
centrations of LPSs, amphipathic LPSs may self-aggregate into su-
pramolecular micellar structures, resulting in its glycans being
inaccessible to galectin-3 (68).
In conclusion, we describe a mechanism by which galectin-3

senses exogenous danger signals, LPSs, intracellularly. Galectin-
3 self-association is involved specifically in LPS-mediated cas-
pase-4/11 oligomerization and activation, leading to macrophage
cytokine release and pyroptosis. Our findings highlight how cy-
tosolic galectin-3 triggers host innate responses through recog-
nition of LPS glycans. Further elucidation of the role of galectin-
3 in the noncanonical inflammasome signaling pathway may
provide opportunities for new therapeutic interventions for bacterial
infections.

Fig. 7. Galectin-3 promotes LPS-induced caspase-4 oligomerization and activation, leading to more severe pyroptosis in macrophages. (A) THP-1 cells were
transfected with siRNAs targeting galectin-3, and the levels of galectin-3 and caspase-4 were measured by immunoblotting. (B and C) LDH release and IL-1β
secretion were measured 16 h after transfection of WT and galectin-3 knockdown THP-1 cells with LPSs from E. coli (B) or S. minnesota (C). (D) HEK 293T cells
were transfected with a combination of expression vectors containing galectin-3 and caspase-4, respectively, followed by transfection with LPSs from various
bacterial strains, as indicated, or MDP. After cell lysis, inflammasome protein complexes were enriched by serial centrifugation and treated with a non-
cleavable cross-linker. The cross-linking multiprotein inflammasome complexes were analyzed by SDS-PAGE followed by immunoblotting. The immunoblots
of the cell lysates not treated with the cross-linker are shown below. The black arrowheads point to the bands corresponding to monomers, dimers, and
oligomers, respectively, as indicated. (E) Human caspase-4 was incubated with increasing concentrations of the E. coli LPS and galectin-3. The enriched
inflammasome protein complexes were collected and processed as described in D and then analyzed by SDS-PAGE followed by immunoblotting. The im-
munoblots of the total input proteins are shown (Bottom). (F) Human caspase-4 was incubated with various amounts of galectin-3 and E. coli LPSs, and the
mixtures were assessed by 4 to 20% native PAGE or 10% SDS-PAGE followed by immunoblotting with anti–caspase-4 and anti–galectin-3 antibodies, re-
spectively. (G) Galectin-3 was treated with 25 mM lactose or sucrose for 15 min before being incubated with LPSs and caspase-4. The level of caspase en-
zymatic activity was measured using the fluorogenic substrate LEVD-AFC. (H) Full-length galectin-3 or galectin-3C was added to LPSs and caspase-4, and
caspase-4 enzymatic activity was measured using the fluorogenic substrate LEVD-AFC. Error bars indicate the mean ± SD. Data are representative of three
independent experiments. Statistical analysis was performed using unpaired Student’s t tests; **P < 0.01, ***P < 0.001.
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Materials and Methods
Pull-Down Assay. Recombinant galectin-3 was purified as previously described
(31), and endotoxins were removed by phase separation using detergent to
avoid endotoxin contamination (SI Appendix, Fig. S4) (69). The reaction mix-
tures containing 1.2 μM recombinant galectin-3, 0.4 μM recombinant caspase-
111-80-GST (Abnova), and/or 0.1 μM biotinylated LPS (O111:B4) (InvivoGen)
were incubated for 4 h at 4 °C. Pull-down of LPSs was carried out by treating
the mixtures with streptavidin beads (GE Healthcare Life Sciences). The bio-
tinylated LPS-containing protein complexes were analyzed by immunoblot-
ting. For coimmunoprecipitation, the reaction mixtures containing 0.1 μM
E. coli LPS (O111:B4) (Sigma-Aldrich), H. pylori LPS (FUJIFILM Wako Chemicals),
or MDP (InvivoGen) were incubated with 1.2 μM recombinant galectin-3 and
0.4 μM recombinant caspase-111-80-GST (Abnova) or 0.4 μM caspase-1181-266-
GST (Abnova) for 4 h at 4 °C. The reaction mixtures were further incubated
with anti–galectin-3 antibodies (GeneTex, Inc.) overnight at 4 °C and then
mixed with Protein A/G Mix Magnetic Beads (GE Healthcare Life Sciences). The
beads containing proteins were washed with lysis buffer (Bio-Rad Laborato-
ries) and then treated with sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE) loading buffer at 100 °C. The eluted proteins were
analyzed by immunoblotting for GST (Bethyl Laboratories), the heavy chain of
immunoglobulin G (IgG) (Bethyl Laboratories), and galectin-3. To analyze the
effect of saccharide competition, recombinant galectin-3 was mixed with
25 mM competing lactose (Sigma-Aldrich) or noncompeting sucrose
(Sigma-Aldrich) for 15 min at room temperature before being incubated with
LPSs and caspase-11 for 4 h at 4 °C.

Native PAGE. This was accomplished by using a commercially available native
PAGE gel (Bio-Rad Laboratories) to analyze multiprotein complex assembly,
as previously reported (70). Briefly, 100 μL 1× reaction buffer (BioVision Inc.)
containing different concentrations of recombinant human galectin-3 [pu-
rified as previously described (31)] was incubated with LPSs from E. coli
(O111:B4) (Sigma-Aldrich) overnight at 4 °C. Caspase-111-80-GST (Abnova) or
human caspase-4-GST (Abnova) was then added, and the mixtures were
further incubated for 30 min at 37 °C. Afterward, Native Sample Buffer
(Bio-Rad Laboratories) was added, and the reaction mixtures were then
separated by 4 to 20% blue native polyacrylamide gel electrophoresis
(BN-PAGE) in Tris-Glycine native running buffer followed by immunoblot-
ting using antibodies against galectin-3, GST, or caspase-4 (Cell Signaling
Technology).

Caspase Activity. In the in vitro studies, recombinant galectin-3 or galectin-3C
purified as described previously (31) was incubated with caspase reaction
buffer (BioVision Inc.) containing E. coli LPSs overnight at 4 °C followed by
incubation with full-length caspase-11-GST (Abnova) or caspase-4-GST
(Abnova) and 75 μM fluorogenic substrates Z-VAD-AMC (Cayman Chemical)
or LEVD-AFC (BioVision Inc.) for caspase-11 or caspase-4, respectively. In the
saccharide competition experiments, competing lactose or noncompeting
sucrose was preincubated with galectin-3 for 15 min at room temperature.
The reaction mixtures were incubated for 30 min at 37 °C in a 96-well plate,
and free AMC or AFC released by hydrolysis was monitored using a fluo-
rescence microplate reader (Tecan Group Ltd.) at 450-nm emission and

365-nm excitation wavelengths for caspase-11 and 505-nm emission and
400-nm excitation wavelengths for caspase-4.

Caspase Inflammasome Complex Cross-Linking Assay and Gasdermin D Cleavage.
The caspase-4/11 oligomerization assay was conducted as previously described,
with minor modifications (39). Briefly, HEK 293T cells were transfected with
the following vectors alone or in combination for 24 to 48 h to establish a cell-
reconstitution system: pBK-CMV carrying WT galectin-3 [as previously de-
scribed (71)], a pEGFP-N1 carrying WT galectin-3 or galectin-3 CRD mutant
(H158A/N160A/R162A, which was developed using the QuikChange Site-
Directed Mutagenesis Kit [Agilent Technologies]), PCMV-flag-Caspase11
(Addgene plasmid No. 21145; http://n2t.net/addgene:21145; RRID: Addg-
ene_21145) (72), and caspase-4 (Origene). Cells were then transfected using
FuGENE HD (Promega) with 1 μg/mL LPS from E. coli (Sigma-Aldrich), P. aer-
uginosa (Sigma-Aldrich), S. minnesota (Sigma-Aldrich), or K. pneumoniae
(Sigma-Aldrich) or with MDP for 4 h. Cell lysates were obtained, and inflam-
masome fractions were enriched using serial centrifugation (39, 73). In a cell-
free system, reaction mixtures containing LPSs, caspase-4, and galectin-3 were
incubated for 30 min at 37 °C and the complexes were also enriched using
serial centrifugation. Enriched protein complexes from both the cell-free and
cell-based systems were treated with a noncleavable cross-linker, 2 mM dis-
uccinimidyl suberate (Thermo Fisher Scientific), for 30 min at room tempera-
ture. The cross-linked samples were solubilized in a sample buffer (62.5 mM
Tris base, 10% glycerol, 2% SDS, and 20 mM 2-mercaptoethanol) and analyzed
by immunoblotting for galectin-3, caspase-4/11 (Cell Signaling Technology),
β-actin (Abnova), and α-tubulin (BD Biosciences). For gasdermin D cleavage,
HEK 293T cells were cotransfected with caspase-11, galectin-3, and flag–
gasdermin D (Addgene plasmid No. 80950; http://n2t.net/addgene:80950;
RRID: Addgene_80950) (14) followed by transfection with E. coli LPSs. A total
of 8 h afterward, the total cell lysates were collected and subjected to im-
munoblotting analysis for gasdermin D (Abcam).

Mice. Experiments were performed using WT and galectin-3 KO littermates
with a C57BL/6J background obtained from galectin-3 heterozygous
breeders as previously described (74). Mouse strains were maintained under
specific pathogen-free conditions at Academia Sinica. The animal protocol
was approved by the Academia Sinica Institutional Animal Care and Utili-
zation Committee in accordance with established guidelines.

Cell Cultures and Treatments. Mouse RAW 264.7 cells and J774 cells were
cultured in Dulbecco’s Modified Eagle Medium containing 2 mM glutamine,
100 U/mL penicillin, 100 mg/mL streptomycin, and 10% fetal bovine serum
(FBS). To obtain BMDMs, femur and tibia cells were harvested from WT and
galectin-3 KO littermates and then cultured in RPMI containing 10% FBS
supplemented with 10 ng/mL granulocyte-macrophage colony-stimulating
factor, 20 mmol/L Hepes, and 1% nonessential amino acids. Cells were cul-
tured for 7 to 11 d at 37 °C in a 5% CO2 humidified incubator and then primed
with 200 ng/mL Pam3CSK4 (InvivoGen) for 4 h. Human monocytic THP-1 cells
were treated with 1 μM Accell SMARTpool small interfering RNA (siRNA)-tar-
geting galectin-3 or Accell nontargeting control siRNA in Accell delivery media
(Thermo Fisher Scientific) for 96 h. Then, cells were differentiated by phorbol

Fig. 8. A model for regulation of the noncanonical inflammasome pathway by galectin-3. Intracellularly delivered lipopolysaccharides (LPSs) are known to
bind to caspase-4/11 and induce oligomerization and activation of the latter, resulting in pyroptosis (cell death and IL-1β production). When LPSs are delivered
into cells that express galectin-3, cytosolic galectin-3 binds to LPS glycans and enhances LPS-mediated caspase-4/11 oligomerization and activation, resulting in
increased pyroptosis—a critical mechanism against bacterial infections.
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12-myristate 13-acetate (20 ng/mL, Sigma-Aldrich) for 48 h. Cells were trans-
fected with 1 μg/mL LPS from either E. coli (O111:B4), P. aeruginosa, S. min-
nesota, K. pneumoniae, H. pylori, or MDP using FuGENE HD (Promega) for
different time periods depending on the purpose of the experiment. Elec-
troporation was performed using the ECM 830 Square Wave Electroporation
System (BTX Harvard Apparatus). Cells (2 × 106 cells/mL) were harvested,
washed, and resuspended in the BTXpress electroporation buffer containing
1 μg/mL LPS from either E. coli or S. minnesota and then added to an elec-
troporation 4-mm gap cuvette (BTX Harvard Apparatus). The cell suspensions
were subjected to electroporation at room temperature with the following
parameters: voltage: 260 V; pulse duration: 15 ms; number of pulses: 1. Fol-
lowing electroporation, the cell suspensions were subjected to centrifugation
at 300 × g for 5 min at room temperature, and the cell pellets were resus-
pended in culture medium for further analysis.

Purification of Bacterial OMVs. OMVs were purified from the E. coli O86 bac-
terial strain as previously described (9). Briefly, the E. coli O86 bacterial strain
was grown in 200 mL Lysogeny Broth until the optical density at 600 nm
reached 0.5 to 1.5. The bacteria-free supernatant was obtained by centrifu-
gation at 10,000 × g for 10 min at 4 °C. This supernatant was filtered through
0.45-μm filters and then through 0.22-μm filters to remove any bacteria. OMVs
were pelleted by ultracentrifugation at ∼400,000 × g for 4 h at 4 °C in a
Beckman NVT 65 rotor. The purified OMVs were resuspended in 500 μL sterile
phosphate buffered saline (PBS), and LPS levels were determined by the lim-
ulus amebocyte lysate assay (Thermo Fisher Scientific). The protein content of
OMVs was quantified using the Pierce BCA Protein Assay Kit (Thermo Fisher
Scientific). Cells were treated with OMV for 24 h in 6-well plates.

Immunoprecipitation. Cells transfected with LPSs for 6 h were washed with PBS
and pretreated with 0.4 μg/mL cleavable cross-linker DSP (Sigma-Aldrich) for
10 min at room temperature. To terminate the cross-linking process, cells were
incubated with 0.1 M Tris HCl (pH 7.5) for 15 min. Next, cells were washed and
lysed in 200 μL Pierce IP Lysis Buffer (Thermo Fisher Scientific) containing pro-
tease inhibitor mixture and then incubated on ice for 30 min with consecutive
pipetting cycles every 10 min. The lysates were centrifuged at 15,000 × g for
10 min, and the supernatants were collected. The collected supernatants were
incubated with anti–caspase-11 antibodies (Cell Signaling Technology), anti-
lipid A antibodies (Abcam), or IgG control antibodies (Bethyl Labs) overnight
at 4 °C and then mixed with Protein A/G Mix Magnetic Beads (GE Healthcare
Life Sciences). The beads were washed with lysis buffer containing 25 mM
lactose and then treated with sample buffer at 95 °C for 10 min. The eluted

proteins were analyzed by immunoblotting with anti–galectin-3 and
anti–caspase-11 antibodies. The LPS Re (E. coli and S. minnesota) was purchased
from Enzo Life Sciences. To optimize Western blotting detection of primary
antibodies, Clean-Blot IP Reagent (Thermo Fisher Scientific) was used.

Immunofluorescence Assays. Mouse J774 and RAW 264.7 cells were grown on
12-mm glass culture slides overnight. Cells were washed twice with PBS and
fixed with 4% paraformaldehyde for 10 min. Cells were then permeabilized
using 0.5% Triton X-100 in PBS for 10 min and blocked with 3% bovine serum
albumin in PBS for 30 min to prevent nonspecific binding of antibodies. Cells
immobilized on glass slides were incubated with primary antibodies against
galectin-3, caspase-11 (Cell Signaling Technology), and LPSs (Abcam), respec-
tively, overnight at 4 °C. Cells were washed three times with PBS and stained
with the corresponding fluorescent-labeled secondary antibody for 1 h at
room temperature. Corresponding isotype control antibodies were purchased
from Bethyl Labs. Slides were mounted for fluorescent nuclear staining using
water-soluble DAPI Fluoromount-G (SouthernBiotech). The stained slides were
analyzed using an LSM 780 Laser Scanning Confocal Microscope (ZEISS), and
image processing was performed using the ZEN Image Analysis module.
Colocalization was assessed by calculating Pearson’s correlation coefficient
using ZEN software (ZEISS).

Statistical Analysis. Results are presented as the mean ± SD. The significance
of the differences between means was assessed using two-tailed Student’s
t tests. P values <0.05 were considered statistically significant.

Data Availability.All study data are included in the article and/or SI Appendix.
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