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Abstract: Peri-implantitis is an important cause of oral implant failure. In the past, TLR4 and TLR2 in the Toll-like family were
generally considered as the key immune recognition receptors regulating peri-implantitis. However, under the guidance of this theory,
there are still some unexplainable peri-implantitis symptoms. With the discovery of novel intracellular LPS receptor Caspase-11, a new
understanding of inflammatory signaling and immune regulation in the development of peri-implantitis has been gained. However, the
regulatory role of Caspase-11 in peri-implantitis and its crosstalk with the TLR4 pathway remain unclear. The therapeutic effect of
drugs targeting Caspase-11 on peri-implantitis is still in its early stages. In view of this situation, this paper reviews the possible role of
Caspase-11 in peri-implant inflammation, elaborated the entry process of LPS and the activation mechanism of Caspase-11, and
analyzes the differences in Caspase-11 between commonly studied animals, mice and humans. The current research hotspots and
challenges are also analyzed to provide new insights and ideas for researchers.
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Introduction
Peri-implantitis is a leading cause of implant failure, and approximately 30% of implant sites develop peri-implantitis
after implantation. Peri-implantitis is strongly associated with pathogens such as Porphyromonas gingivalis. The inter-
play between pathogens and the host immune system has the potential to induce periodontal tissue inflammation.’
Different from other diseases dominated by bacterial infection, the destruction of soft tissue and hard tissue caused by
peri-implantitis is currently believed to be caused by bacteria breaking the implant-host immune balance and mainly
mediated by the host’s own immune cells.” Bacteria activate and continuously stimulate immune cells by releasing
endotoxin, exotoxin and immunogenic fragments.® This weak inflammatory signal is amplified by layers of host immune
cells and can show corresponding clinical symptoms after breaking a certain threshold.*>

Pyroptosis, which shows cell swelling, perforation, dissolving and releasing massive inflammatory factors, is a type of
programmed cell death caused by activation of caspase family.® Hippocrates was the first known person to use the term
“pyroptosis” in the literature (c. 460 — c. 370 BC), where “pyro” means fire or fever in ancient Greek and “ptosis” is
associated with falling or dying. This description aptly reflects that pyrosis is an inflammatory process of programmed
cell death which is dependent on caspase.” The prefix indicates amounts of endogenous pyrogen released by the process.
The root of the word is the same as the root of “apoptosis”, indicating a programmed cell death process. In addition to
causing corresponding cell death, this process also causes obvious damage and even death of the surrounding cells.
Pyroptosis has a great impact on oral periodontal diseases and is the main culprit leading to rapid amplification of
inflammatory signals, degradation of gum collagen fibers, and bone absorption.® However, caspase cannot be directly

activated by extracellular LPS, which requires capture and transmission of signals by immune recognition receptors.
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The most common immune recognition receptors are toll-like receptors, which were discovered by Christiane in
1995. It has a variety of subtypes with different functions and locations, so that it is considered as important functional
receptors for intercellular communication, signal transductions and recognition.” Studies of traditional lipopolysacchar-
ides, which are considered to be one of the main pathogens that bacteria stimulate the host’s immune system, and its
receptor TLR4 do not explain the full extent of the inflammatory response in peri-implantitis.'® Mohammed found that
although TLR4 inhibitor could reduce the expression level of inflammatory factors in LPS-stimulated macrophages,'" it
still could not block the macrophages from expressing a considerable amount of TNF-alpha due to the alveolar bone loss.
This phenomenon was also demonstrated in NLRP3 and ASC downstream of TLR4: TLR4 receptor inhibitors only
partially reduced LPS-induced NLRP3 and ASC expression.'” The former is a multi-protein signal transduction complex
involved in inflammatory response, causing the cytokines maturate and secret, which is strongly linked to the immune
reaction and tissue damage of peri-implantitis.'®> The latter can not only promote cell apoptosis and bone destruction but
also be used as an indicator to judge the status of peri-implantitis.'* Therefore, we believe that an independent immune-
recognition receptor in addition to TLR4 plays an unparalleled role in the immune reaction and tissue damage
progression of peri-implantitis. It provides a new idea for us to further explain the pathogenesis of peri-implantitis and
find better therapeutic targets for peri-implantitis.

Caspase-11 is a special member of the Caspase family. Caspase-11 was officially verified to be independent of TLR4
in recognizing bacterial LPS, mediating immune response and specific pyroptosis by Nobuhiko in 2013."> The specific
recognition of Caspase-11 and LPS depends on their unique caspase-activated recruitment domain (CARD protein
domain) which binds to lipid A of gram-negative bacteria LPS.'® This binding depends on the electrostatic adsorption of
LPS to several positively charged groups in the CARD domain, which is similar to the affinity of LPS and TLR4-MD2
complex.'” Unlike the activation process of TLRs, the activation process of Caspase-11 does not rely on the assistance of
NRL-like scaffold and can complete the immune recognition of LPS completely by itself. Binding of LPS to the CARD
of caspase-11 not only triggers its oligomerization but also catalyzes its activation, much like the activation process of the
caspase family.'® Activation of TLR and activation of Caspase-11 often coexist in inflammatory tissues, and the
occurrence of Caspase activation often leads to unexpected serious consequences, such as tissue damage that does not
match the stimulus or even life-threatening.'® Combined with the fact that gram-negative anaerobe is the most highly
associated microbe in periodontitis, it is not difficult to conclude that the importance of Caspase-11 in the progression of
peri-implantitis may be significantly underestimated, and Caspase-11 is a promising therapeutic target candidate.

Unfortunately, the role of Caspase-11 and its regulation of pyroptosis in the oral domain remains unclear, and its
regulatory mechanism in peri-implantitis is still indistinct. For the above reasons, there is a growing interest in further
exploring the role of Caspase-11 and its regulation of pyroptosis in oral peri-implantitis. In this paper, we review the role
and mechanism of Caspase-11 in mediating soft and hard tissue damage and discuss its potential to promote tissue repair.
This review aims to provide new ideas for the basic research of oral peri-implantitis and the development of therapeutic
drugs for oral peri-implantitis.

Role of Caspase-11 in Peri-lmplantitis

The peri-implant supporting tissue can be divided into gingival tissue (soft tissue) dominated by above skin cells and
fibroblasts and bone tissue (hard tissue) dominated by cancellous bone and bone cortex. Those two tissues are different in
tissue characteristics, cell gene expression and response to inflammatory substances. Therefore, this section will,
respectively, describe the damage caused by Caspase-11-mediated immune recognition and pyroptosis to the two tissues.

Soft-Tissue Damage

Peri-implant soft tissue is less vascular and the soft tissue sealing of the implant is weak, only internal basal laminin and
hemidesmosome are used to form a connection.”’ Due to microbial pressure in oral and potential rejection of foreign
bodies (generally Ti particles), the peri-implant soft tissue may be in a mild inflammatory-healthy alternation for a long
time.?' It is usually difficult to detect such inflammatory state, and there are no corresponding clinical symptoms.
Combined with this special phenomenon, some scholars have proposed the implant-host immune balance theory to
explain it. With the increase of bacterial pressure and the change of the flora around the implant, this delicate equilibrium
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state was broken by the excessive release of pathogenic substances by the bacteria. The first step in this process is the
recognition of the LPS predominant pathogenic substance by the immune recognition receptor.

Macrophages are important cells that play a key role in immune recognition. It is deeply involved in initiating the
validation process, promoting local inflammatory cell infiltration, increasing local angiogenesis and enhancing vascular
permeability, and the emergence of pyroptosis will greatly accelerate this process.”* Studies have now demonstrated that
LPS secreted by pathogenic bacteria not only binds to conventional receptors (especially TLR4) but also specifically
binds to the intracellular pattern-recognition receptor caspase-11, triggering the inflammasome even more and leading to
the release of substantial IL-1B and IL-18, which is also thought to be an important manifestation of inflammatory cell
recruitment and amplification of inflammatory signals in peri-implantitis.>* Notably, in Caspase-11-deficient macro-
phages, the expression and pathology of LPS-induced pyroptosis were significantly reduced.?* In conclusion, Caspase-11
can enhance the TIR4-mediated caspase-1-dominated pyroptosis process.

Metalloproteinase (MMP) family is also a key protein in peri-implantitis, playing an important role in regulating
inflammation and promoting collagen fiber degradation, and can also be used as an important indicator to evaluate the
degree of periodontal soft tissue inflammation and microbial stress.®> In the state of pyroptosis, cells will release more
MMP, thus enhancing the damage to gingival tissue.”® This also explains why Caspase-11-mediated inflammation leads
to the effect of oral epithelial connections.?” By inhibiting the immune recognition of Caspase-11, the researchers found
that, in addition to the usual reduction in cytokine release, such as interleukin and tumor necrosis factor, MMP expression
was significantly reduced, similar to the inhibition of pyroptosis.”® This phenomenon suggests that Caspase-11 may play
an exceeding expectational role in soft tissue destruction in peri-implantitis.

Caspase-11 also interacts with other regulators to regulate local levels of inflammation. He et al suggested that the
pyroptosis level, which is mediated by caspase-11, could be improved by lack of Differentiated Embryonic Chondrocyte
Gene 2 (Dec2).”” Dec2 can protect periodontal membrane and gingival from Caspase-11-mediated inflammation.**
However, the mechanism of Dec2 on Caspase-11 still needs to be further explored, and more evidence needs to be
provided. Besides, the role of Caspase-11-mediated focal death in the destruction of peri-implantitis soft tissue remains
unclear. More researches and evidences are needed to confirm the significant mechanism of Caspase-11 in gingival tissue,
so as to reveal more mysteries about the occurrence and development of peri-implantitis.

Hard-Tissue Damage

Compared to long bones, the alveolar bone has a stronger blood supply, which leads to more active bone activity. It
should be clarified that bone resorption around the implant is affected by a variety of conditions that differ from soft
tissue in peri-implantitis.®' In this paper, only peri-implant bone resorption induced by microbial stress is discussed. The
balance of bone destruction-bone reconstruction, known as bone homeostasis, exists at all times in the bone tissue
surrounding healthy implants.** This metabolic balance constantly reconstructs the supporting bone around the implant,
thus making the trabecular distribution more suitable for the biomechanical requirements of mastication and occlusal of
the implant.>* The increase of microbial pressure will break this balance, making osteoclasts much more active than
osteoblasts, and tilting the bone balance toward bone absorption. In this process, pyroptosis plays an indispensable role in
bone damage in peri-implantitis.

The process of pyroptosis can change the cationic flux of osteocytes, induce cell swelling, activate WNT/beta-catenin,
induce osteoclast proliferation, and initiate bone resorption.>* This process is due to the release of a large amount of
inflammatory signals by cell pyroptosis, causing bone tissue to develop an inflammatory state inconsistent with the
amount of disease-causing substances secreted by bacteria it contacts. When the pyroptosis process is inhibited, the
inflammatory signal transmission initiated by bacteria is weakened or even interrupted, and the bone resorption process
can be significantly reduced.®

It is generally believed that TLR4, MD2 and their downstream caspase-1 are the main regulatory components
involved in cell pyroptosis when bacterial bone resorption occurs in alveolar bone.*® In the study of articular cartilage
inflammation, we found that the activation of Caspase-11 alone triggers a considerable pyroptosis, which further leads to
the invasion and destruction of cartilage edges.>” NLRP3, downstream of Caspase-11 immune recognition receptor, also
deeply involved in the regulation of bone state. At present, there is definite evidence that inhibition of NLRP3 can
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significantly occur in inflammatory resorption of alveolar bone.*® Interestingly, when NLRP3 gene defect was present,
the damage of toxin produced by Porphyromonas gingivalis, a major pathogenic bacterium of periodontitis, to bone
tissue was significantly reduced, and the expressions of RANKL and IL-1B were significantly decreased.>® Therefore, we
speculated that the activation of Caspase-11 is one of the important reasons for the severe host immune response caused
by peri-implantitis. However, there is a lack of direct evidence on the role of Caspase-11 in regulating bone balance and
promoting the differentiation and proliferation of cells to osteoclasts in peri-implantitis, which requires further explora-
tion by researchers.

Mechanism of Caspase-11 Mediated Pyroptosis

The recognition process of Caspase-11 as an immune receptor is different from TLR-4. Caspase-11 is located in cells, so
the immune process and subsequent regulatory mechanism of Caspase-11 are divided into the mechanism of pathogen-
esis internalization and the mechanism of receptor recognition and induced pyroptosis in this section.

Internalization Mechanisms of LPS

Unlike the immune recognition receptors on the plasma membrane, Caspase-11 requires LPS internalization in order to
perform its immune recognition function. So far, this process mainly involves endotoxin internalization through the outer
membrane vesicles (OMVs) pathway released by bacteria and endotoxin delivery protein HMGB1.*

OMYV is released by gram-negative pathogenic bacteria during growth and proliferation.*! Proteomic and biochemical
analyses show that these vesicles have a variety of outer-membrane-components of classical Gram-negative bacteria,
including lipopolysaccharide, lipoprotein, DNA, RNA, etc.*? This secretion of OMV is more pronounced when the
bacteria are under pressure from the host.*> Both IgG secretion in gingival crevicular fluid and sIgA secretion in saliva
may lead to the release of more OMVs, thereby increasing bacterial biotoxicity. This explains why periodontal infections
tend to show a more violent inflammatory response than other regional infections. OMYV is considered to have a certain
function of bacteria-host information transmission. After OMVs are captured by clathrin in the plasma membrane and
enter the endocytosis vesicles, OMVs can release LPS and other inflammatory signaling molecules contained in the
vesicles into the cytoplasm, thus completing the transport process of LPS into the cytoplasm.**

If OMVs are a carefully wrapped “gift” from bacteria to cells, then HMGBI1 is the host cell’s weapon of choice in its
search for wandering bacteria. High mobility group box 1 (HMGBJ1) is an effective inflammatory factor, which can exist
in cytoplasm, nucleus and extracellular, and can combine with LPS to form LPS-HMGBI1 complex in extracellular.*> The
binding process is a physical binding like adsorption. LPS-HMGBI1 complex was actively recognized by macrophages,
and the complex was phagocytized into lysosome of macrophages by RAGE dependent internalization process.*® After
entering the cell, the complex decreases the local pH value, leading to the enhanced penetration of the complex to the
lysosome membrane, which is mainly composed of phospholipid biomolecule, leading to the leakage of lysosome
contents and cell damage (Figure 1). This phenomenon is entirely attributed to the ph-dependent membrane penetration
of HMGBI, that is, the lower the pH value, the higher the penetration of lipid bilayer membrane.*® Combined with the
local oral anatomical structure, whether this process involves HMGB1’s penetration into the gingival crevicular barrier
needs further study to confirm. If this hypothesis is correct, then the macrophages in the gums may exaggerate the state of
infection, which could effectively explain why the periodontal tissue inflammation is chronically low.

There is also evidence that P. gingivalis has an obvious invasion effect on gingival epithelial cells and can achieve
immune escape function by entering gingival cells.*” Whether this unique invasion process can serve as an alternative
pathway for LPS to enter cells remains to be investigated.

Caspase-| | Mediated Pyroptosis Mechanism

The core of the Caspase-11 activation by LPS is the oligomerization of Caspase-11. This process is mediated by the
CARD domain. The initiation of Caspase-11 oligomerization depends on the penta-acylated or hexacylated structure of
the A subunit of the lipid in LPS.*® Current studies have demonstrated that the dimerized Caspase-11 has protease
activity and D285 site cleavage activity, that is, complete Caspase catalytic activity.*’ The combination of caspase and
LPS in cells often reached the ratio of 14:1.°° Thus, Caspase-11 is a highly sensitive immune recognition receptor.
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Figure | Proposed internalization mechanisms of LPS. (a) OMVs release LPS and other inflammatory signaling molecules contained in the vesicles into the cytoplasm; (b)
HMGBI can combine with LPS to form LPS-HMGBI complex in extracellular; entering the lysosome membrane of cell; (c) LPS-HMGBI complex obtains the ability to
recruit and activate caspase-| |, leading to the leakage of lysosome contents and cell damage.

Activated Caspase-11 can mediate cell pyroptosis through direct and indirect pathways (Figure 2). The former is through
direct lysis of Gasdermin D (GSDMD) and the release of its Gasdermin-N domain. This pathological process penetrates
the plasma membrane, leading to cellular swelling and lysis, thereby triggering the process of pyroptosis.’' The latter is
to activate NLRP3 inflammasome via Caspase-11. The NLRP3 inflammatory vesicle, one of the most studied inflamma-
some, is distributed in the cytoplasm, composed by the NLRP3, ASC adapter protein and caspase-1. The ASC protein
contains the same PYD structure as the caspase recruitment domain (CARD). NLRP3 is a protein coincidence body that
is assembled by a central NACHT domain, a Leucine-rich repeat (LRR) domain and an amino-terminal pyrin domain
(PYD).>! The activation of NLRP3 inflammasome results in inflammatory cytokines interleukin-1b (IL-1b) and inter-
leukin-18 (IL-18)’s secretion, as well as pyroptosis. NLRP3 and ACS adapter formation complex can further activate
caspase-1, thus mediating the traditional pathway of cell pyroptosis.> ACS spots have two domains: PYRIN domain and
Caspase activation recruitment domain (CARD domain).>® The 50 bases at the n-terminal of the former peptide chain are
mainly responsible for the recognition and binding of NLRP3, and the NLRP3-ACS complex obtains the ability to recruit
and activate caspase-1.>* This process also rapidly amplifies inflammatory signals, resulting in caspase-1-mediated cell
pyroptosis.

Interestingly, Ti ion release from the implant enhanced NLRP3 activation and significantly promoted pyroptosis and
the release of inflammatory factors.'> The serum and salivary NLRP3 concentrations were demonstrated to be
a significant predictor of periodontitis.”> If we can prove that Caspase-11 was deeply involved in the development of
peri-implantitis, this phenomenon may also be the underlying cause of the higher inflammation intensity and greater
damage in peri-implantitis than in periodontitis.

Human versus Mouse of Caspase-| | Mediated LPS-Sensings

Caspase-11 was first identified as an immune-recognition receptor in mice. Caspase-11 does not exist in the human
genome and is replaced by caspase-4 and caspase-5, both highly conserved genes.’® Despite the different names, the
structure and function of the three are not much different. In human, caspase-5 is mainly expressed in skin, epithelium,

small intestine and other tissues in contact with the external environment, while caspase-4 is mainly expressed in internal

Journal of Inflammation Research 2023:16 https: 4475

Dove:


https://www.dovepress.com
https://www.dovepress.com

Jiao et al Dove

(@) Pro-Caspase-11 Cleaved-Caspase-11 Oligomerization-Caspase-11

| |
< BKD: 26kDa 10kDa
‘ | — CXJ

cDL IDL
| | | {S
CARD Long Small | P32 }
domain subunit subunit
(b) Direct Pathway

o’'®d — o

Cleave Pro-IL-1B3 Release mature IL-13
Pyroptosis
TN —> %C% —— () —— Pyroptosis
Oligomerization Cleave Gasdermin D N-terminal domain

Caspase-11

Indirect Pathway
Ly Rel
N, N @ — 0 ..
S — >
L 8((% —> () Pyroptosis
Active NLRP3 Active Caspase—1

Figure 2 Proposed caspase-1| mediated pyroptosis mechanism. (a) Caspase-I| consists of large subunit, small subunits and a CARD domain, which can be activated
through oligomerization mediated by cleavage at the D289 site. (b) Activated caspase-|| can mediate cell pyroptosis through direct and indirect pathways: The direct
pathway directly mediates pyroptosis by directly cleaving the gasdermin D and releasing the N-terminal; The indirect pathway mediates cellular pyroptosis by promoting
caspase-| activation through activation of the NLRP3 inflammasome.

organs, but both are highly expressed in monocytes and macrophages.’’ Not only that, there are differences in the
structures that activate them. Caspase-4 can be activated and oligomerized by tetraacylated LPS to obtain enzyme activity
and corresponding function, which Caspase-11 cannot do.”® In addition, unlike in mice, caspase-4/5 expression is
maintained in cells without infection. This advantage is that it can capture the relevant information of pathogen invasion
more quickly and sensitively and make a response more rapidly.

Unfortunately, the details of how the pathways are regulated vary greatly between human and mice, suggesting that
researchers should be more cautious when translating mice data into clinical applications.

Research Prospects and Challenges

The more important role of Caspase-11 and pyroptosis has been verified in different fields, and the more scholars
recognize the importance of Caspase-11 in inflammation regulation, tumor therapy and virus prevention and treatment.
The role of Caspase-11 and its regulation of pyroptosis studying based on mice provides clues for clinical application. It
has been demonstrated that macrophages from Gsdmd(-/-) mice generated by gene targeting also exhibit defective
pyroptosis and interleukin-1B secretion induced by cytoplasmic lipopolysaccharide or Gram-negative bacteria.
Mechanistically, caspase-11 cleaves gasdermin D, and the resulting amino-terminal fragment promotes both pyroptosis
and NLRP3-dependent activation of caspase-1 in a cell-intrinsic manner. Data identify gasdermin D as a critical target of
caspase-11 in mice and a key mediator of the host response against Gram-negative bacteria.>
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Although currently there is no caspase-11 used for early diagnosis, prevention, or targeted interventions in peri-
implantitis, it has been used as an intervention in other human diseases. The significant association between caspase-11
and Ulcerative Colitis (UC) has been proven by some large cohort clinical trials. The activation of C3a/C3aR axis
promoted the expression of caspase-11. In early stage of Ulcerative Colitis (UC), application of C3aR inhibitor induced
the poor prognosis of UC by upregulating the activation of caspase-11, and treatment of C3aR inhibitor in later stage
relieved the symptoms of UC and lead to the favorable prognosis of UC by inhibiting the pathway of caspase-11.%
Whether C3a/C3aR axis could affect the development of peri-implantitis by modulating the expression of caspase-11 is
unclear. It has been proved that the function of caspase-11 in rat periodontitis models is similar to that of caspase-4 in
clinical periodontitis, IL-1f and TNF-a release in periodontitis depends on the recognition of P. gingivalis LPS by
caspase-11/4.°" Tt has been found that bacterial lipopolysaccharide (LPS), during the active stages of periodontitis, can
cause overexpression of serum and salivary NT-proBNP levels through a mechanism involving proteolysis product
formation. Reduction of NT-proBNP was influenced by the periodontal treatment and positively influenced the efficacy
of periodontal treatment.®*

Since higher levels of caspase-11 could induce the pyroptosis and inflammation of cells, we suggested that caspase-11
could promote and suppress the inflammation during the development of peri-implantitis. But the fact is the role of
Caspase-11 in oral peri-implantitis, the role of LPS in the activation of Caspase-11 in P. gingivalis, the regulation of the
subsequent pyroptosis, early diagnostic markers and development of peri-implant inflammation have not been clearly
revealed. The therapeutic drugs targeting Caspase-11 for peri-implantitis also need to be further researched and
developed.

Conclusions

The discovery of Caspase-11 as a highly sensitive immune recognition receptor can lead us to solve more mysteries about
peri-implantitis, and provide ideas for the development of new drugs and therapies in the future as an important potential
therapeutic target.
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