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Abstract: The pathogenesis of peri-implantitis originates from an immune-inflammatory response
provoked by microbial dysbiosis, with clinical manifestations including advancing peri-implant
mucosal inflammation and progressive bone resorption. Although its outward presentation may
resemble that of periodontitis, tissue destruction in peri-implantitis tends to be more accelerated and
extensive, due to the unique anatomical structure and distinct immune microenvironment surrounding
implants. Immune dysregulation is pivotal in the disease process, influencing the balance among
immune cell subsets, the production of inflammatory cytokines, and the activation of key molecular
signaling pathways. This review systematically synthesizes recent advances, highlighting that
peri-implantitis exhibits a distinct and often more intense inflammatory profile than periodontitis, and
that an imbalance in macrophage M1/M?2 polarization along with T-cell subset dysregulation serve as
critical drivers of tissue destruction. By consolidating current evidence, the article aims to provide a
comprehensive perspective on the immunopathological mechanisms of peri-implantitis and to establish
a theoretical foundation for the development of precision immunotherapy.
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1. Introduction

Peri-implantitis is an inflammatory condition closely associated with plaque accumulation that
affects the tissues surrounding dental implants, featuring ongoing inflammation of the peri-implant
mucosa accompanied by a gradual loss of the supporting alveolar bone. When the disease progresses to
an advanced stage, it may ultimately result in implant loss>2. In recent years, the rising popularity of
implant procedures has been accompanied by a higher prevalent of peri-implantitis. According to the
latest systematic reviews and meta-analyses, at the patient level, the prevalence of peri-implant
mucositis is approximately 46%, whereas peri-implantitis affects as many as 21% of individuals;
notably, this figure is even greater among patients who do not attend regular maintenance visits .

Evidence from animal studies and human biopsy analyses indicates that peri-implantitis is
associated with more rapid and extensive tissue destruction than periodontitis, with inflammatory
infiltrates extending more directly toward the bone crest>4l. This difference is primarily explained by
the peri-implant region lacking the periodontal ligament and its embedded Sharpey's fibers. The
connective tissue fibers here run mostly parallel to the implant surface, creating only a relatively weak
soft tissue seal °l. Such anatomical limitation compromises the barrier against bacterial challenge,
forming the structural basis for the distinct immune response observed around implants.

In peri-implantitis, immune dysregulation emerges as a key factor in the pathological process,
affecting the equilibrium among immune cell subsets, the release of inflammatory mediators, and the
initiation of critical intracellular signaling pathways[®l. The host response to microbial biofilms around
implants depends on a coordinated interplay between innate and adaptive immunity. Innate immune
cells—including neutrophils, macrophages, and dendritic cells—serve as the first line of defense
through rapid but non-specific mechanisms, while T and B lymphocytes mediate antigen-specific
recognition and long-term immunological memory ). In the context of peri-implantitis, however, this
fine-tuned balance can become disrupted, tilting the balance from host defense toward tissue
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destruction and thereby promoting the characteristic alveolar bone resorption.

This review systematically summarizes recent advances in our understanding of immune responses
in peri-implantitis, highlighting that peri-implantitis elicits distinct immunological features compared to
periodontitis. We focus on the dual roles of innate immune cells—particularly neutrophils and
macrophages—in both host defense and tissue destruction, and examine the complex dynamics of
adaptive immunity involving T-cell subsets and B-cell responses. By integrating current evidence from
human studies, animal models, and transcriptomic analyses, this article aims to provide a
comprehensive perspective on the immunopathological mechanisms of peri-implantitis and to establish
a theoretical foundation for the development of precision immunotherapy approaches.

2. Innate Immune Dysregulation in Peri-Implantitis

As the first line of host defense against microbial dysbiosis and foreign body stimulation, the innate
immune system plays an irreplaceable and pivotal role in the initiation, progression, and persistence of
peri-implantitis. Unlike adaptive immunity, which necessitates antigen presentation and clonal
expansion, the innate immune system elicits a rapid response to microenvironmental perturbations in
the peri-implant region, via a sophisticated network of immune cells, inflammatory cytokines and
signaling pathways that collectively orchestrate the balance between tissue protection and destructive
inflammation. Specifically, innate immune responses are initiated through the recognition of
pathogen-associated molecular patterns (PAMPs), damage-associated molecular patterns (DAMPs),
and other inflammatory cues by pattern-recognition receptors ['% !, Neutrophils, macrophages, and
dendritic cells are the key cellular effectors of this innate immune response ['?l; these cells drive
inflammation by phagocytosing pathogenic bacteria and releasing various mediators, including
cytokines, matrix metalloproteinases (e.g., MMP-8), and chemokines '],

2.1 Neutrophils: Early Responders and Amplifiers of Tissue Destruction

Neutrophils act as the host’s first line of defense against pathogenic invasion and exert a dual role in
the immunopathological process of peri-implantitis, serving as both critical early defenders and
prominent amplifiers of subsequent tissue destruction. In peri-implantitis lesions, neutrophils exhibit a
marked increase in quantity and hyperfunction, with their excessive and dysregulated responses
constituting the core mechanism of persistent inflammation and tissue destruction '+ 13, As the primary
innate immune cells in healthy gingiva, both functional deficiency and excessive activation of
neutrophils can lead to damage of periodontal tissues ' 7. Evidence from a murine model of
peri-implantitis reveals a pronounced neutrophilic response, characterized by significantly elevated
neutrophil percentages and densities, indicating a more aggressive and dysregulated host immune
response compared to periodontitis %1,

Microorganisms and their products (e.g., lipopolysaccharides) accumulate in the peri-implant
pocket, triggering the production of large amounts of chemokines in local tissues, which drive the rapid
recruitment of neutrophils from the circulatory system to the lesion site [ Single-cell RNA
sequencing analysis revealed the existence of a unique pro-inflammatory CXCL13" fibroblast
subpopulation in the peri-implantitis microenvironment, which specifically and abundantly recruits
neutrophils via the CXCR2/CXCRI1 receptor axis through the secretion of CXCLS8 (IL-8) and CXCL6
(141, Clinical studies further confirm that, compared to healthy implant tissues, the gene and protein
expression levels of CXCL8 and CXCLS in peri-implantitis soft tissues are significantly upregulated.
These chemokines are associated with enhanced neutrophilic inflammation, potentially through
PI3K/Akt/NF-kB-related signaling 121,

Activated neutrophils eliminate microorganisms through phagocytosis, phagolysosome formation,
activation of nicotinamide adenine dinucleotide phosphate oxidase (NADPH oxidase), and the release
of reactive oxygen species (ROS) and proteases. However, these effector mechanisms, while essential
for host defense, can also inflict significant collateral damage on surrounding host tissues ', Upon
activation, neutrophils degranulate and release substantial quantities of proteolytic enzymes stored
within their granules, including matrix metalloproteinase-8 (MMP-8). Clinical studies have
demonstrated that levels of active MMP-8 in peri-implant sulcular fluid (PISF) are significantly
elevated at diseased sites compared to healthy controls. The active form of MMP-§ directly degrades
extracellular matrix components, particularly collagen, thereby disrupting the integrity of soft tissue
attachment around implants ?!1. Concurrently, the activated NADPH oxidase complex generates large
amounts of ROS, which not only exert microbicidal effects but also induce oxidative damage to
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adjacent tissues, further amplifying local inflammatory signals ['*l. Beyond their role in soft tissue
destruction, neutrophils may also contribute to bone resorption through RANKIL-dependent
mechanisms, as activated neutrophils have been shown to express membrane-bound RANKL in
inflammatory settings ['>-221,

2.2 Macrophages: A Double-Edged Sword in Functional Polarization

As central effector cells of the innate immune system, macrophages maintain the host-microbe
equilibrium, participate in antigen presentation, mobilize multiple host defense mechanisms and
mediate resistance to bacterial challenges. Their remarkable plasticity allows them to adopt distinct
functional states that exert a profound influence on the course of inflammation and the delicate balance
between tissue breakdown and subsequent repair 2324, In response to cues present in the local milieu,
macrophages undergo polarization toward different phenotypes, most notably the classically activated
M1 and the alternatively activated M2 subtypes [>*!. M1 macrophages, the prototypical proinflammatory
phenotype, are typically induced by exposure to lipopolysaccharide (LPS) or interferon-y (IFN-y). They
are characterized by the upregulated expression of inducible nitric oxide synthase (iNOS), CD86 and
CD80, along with the abundant secretion of proinflammatory cytokines including tumor necrosis
factor-o. (TNF-a), interleukin-1B (IL-1pB), interleukin-6 (IL-6), and interleukin-12 (IL-12). Through
these mediators, M1 macrophages initiate and propagate inflammatory responses while exhibiting
potent antimicrobial and antitumor activities % 27, In contrast, M2 macrophages, which exert
anti-inflammatory and pro-reparative effects, are induced by cytokines such as interleukin-4 (IL-4) and
interleukin-13 (IL-13). They display high expression levels of CD206 and arginase 1 (Argl), and
secrete factors including interleukin-10 (IL-10) and transforming growth factor-f§ (TGF-p) that promote
the resolution of inflammation, facilitate tissue repair, induce angiogenesis and drive fibrotic processes
(26, 271 A disruption of the M1/M2 balance, with a shift toward M1 macrophage dominance, is a
hallmark feature of numerous chronic inflammatory conditions.

In recent years, multiple studies have revealed unique patterns of macrophage polarization through
the analysis of human peri-implantitis tissue samples. Although early research was controversial, recent
evidence tends to be consistent: the number of macrophages in peri-implantitis lesions is significantly
increased, predominantly with M1-type polarization [?*2%), Compared with periodontitis, the proportion
and density of M1-type macrophages (iNOS" or CD80") in peri-implantitis tissues were significantly
higher, while the proportion of M2-type macrophages (CD206") showed no significant difference or
was relatively lower, resulting in an increased M1/M2 ratio [233% Notably, in cases of severe
peri-implantitis (advanced bone resorption), the expression of M1 macrophages was significantly
higher than that of M2 macrophages, and the proportion of M1 macrophages showed a positive
correlation with the probing depth [*). These findings suggest that excessive polarization of MI
macrophages and the M1/M2 imbalance are key factors driving the persistent progression of
peri-implantitis and bone destruction. Transcriptomic analysis also confirmed that, compared to
periodontitis, peri-implantitis exhibits more pronounced macrophage activation and bone loss P!,

The distinctive environment around dental implants delivers intricate cues that guide macrophage
behavior. Within the plaque biofilm, molecular motifs derived from pathogens—most notably LPS
derived from Gram-negative species—engage Toll-like receptors (TLRs) on macrophages, thereby
triggering their activation and driving them toward an M1 phenotype. This shift is accompanied by the
abundant secretion of pro-inflammatory mediators ?* 321, Additionally, particles and ions shed from
implant surfaces through wear or corrosion processes function as either foreign materials or DAMPs.
Upon phagocytosis by macrophages, these elements stimulate the NLRP3 inflammasome, facilitating
the maturation and release of IL-1B while also reinforcing M1 polarization 3331, Work by Eger and
colleagues (2018) substantiates this, showing that exposure to titanium particles elicits a pronounced
M1 shift, accompanied by elevated release of IL-1B, IL-6, and TNF-a 4. More recently,
Carrillo-Galvez and coworkers (2025) uncovered a synergistic interaction: LPS combined with titanium
ions activates the NLRP3 inflammasome through pathways dependent on reactive oxygen species,
while also indirectly engaging the AIM2 inflammasome, thereby amplifying the overall inflammatory
cascade P71,

Polarized macrophages regulate the balance between bone resorption and formation by secreting
various cytokines that influence the functions of osteoclasts and osteoblasts. M1 macrophages secrete
pro-inflammatory mediators such as Prostaglandin E2 (PGE2), TNF-a, IL-1p, IL-6, and IL-12, which
favor osteoclastogenesis either directly or indirectly through modulation of the RANKL/OPG axis 23381,
In contrast, M2 macrophages suppress inflammatory responses by secreting cytokines such as IL-10,
TGF-p, and vascular endothelial growth factor (VEGF), promote osteoblast differentiation and bone
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formation, and facilitate angiogenesis and tissue repair 23 3% %1 Therefore, the shift in the M1/M2
balance critically influences the direction of peri-implant bone metabolism.

3. Adaptive Immune Dysregulation in Peri-Implantitis

While the innate immune system initiates and propagates the inflammatory response, the
subsequent involvement of adaptive immunity determines the chronicity and progression of tissue
destruction in peri-implantitis. The adaptive immune system is distinguished by the establishment of
immunological memory, a defining feature that enables lymphocytes to mount rapid and precise
responses upon re-encounter with previously recognized antigens, thereby conferring long-term
protection against reinfection !, The principal cellular components of adaptive immunity are
lymphocytes, particularly T cells and B cells > *31. Conventional af T cells are broadly categorized into
CD4" helper T cells and CD8" cytotoxic T cells. CD4" T cells orchestrate diverse immune functions
through the secretion of soluble mediators and direct cell-cell interactions, whereas CD8" T cells
primarily eliminate infected or dysregulated cells through targeted cytotoxicity [*!. Upon exposure to
pro-inflammatory signals, naive CD4" T cells differentiate into distinct effector subsets—including Th1,
Th2, and Th17—each mediating protective responses against bacterial, parasitic, and fungal infections.
These differentiation pathways are governed by lineage-specific transcription factors (T-bet, GATA3,
and RORyt) and are characterized by the production of signature cytokines and effector molecules [} 441,
B cells contribute to adaptive immunity not only by secreting antibodies—soluble effector molecules
that bind antigens with high affinity and promote pathogen neutralization and clearance—but also by
functioning as antigen-presenting cells (APCs), internalizing specific antigens and presenting processed
peptides to T cells, thereby bridging humoral and cellular immunity !, In peri-implantitis, adaptive
immune activation occurs within a broader inflammatory milieu characterized by increased levels of
proinflammatory cytokines (e.g., IL-1p, IL-6 and TNF-o), which are produced by activated
lymphocytes together with myeloid and stromal cells !, These cytokines enhance osteoclastogenesis,
promoting alveolar bone resorption and thereby contributing to disease progression 1231,

3.1 Dendritic Cells: The Critical Bridge

Dendritic cells serve as essential antigen-presenting cells that link innate and adaptive immunity,
playing a pivotal role in triggering T-cell responses [*l. Although they account for only a small fraction
of the inflammatory infiltrate in peri-implantitis lesions, their presence indicates that adaptive immune
mechanisms are actively engaged 71,

3.2 Imbalance in T lymphocyte subsets

T lymphocytes are the most abundant cell type in the inflammatory infiltrate characteristic of
peri-implantitis lesions ™7, These cells encounter various exogenous stimuli—ranging from
biofilm-derived antigens to titanium particles released from the implant surface—and respond by
differentiating into specialized effector subsets. When their functional regulation goes awry, they
become central drivers of tissue breakdown. Maintaining equilibrium between Thl and Th2 cells is a
fundamental aspect of immune regulation, a framework traditionally referred to as the Thl/Th2
paradigm. Under healthy conditions these two subsets exist in balance, yet this harmony is frequently
disturbed in pathological states 8, Thl cells, distinguished by their expression of the transcription
factor T-bet, secrete pro-inflammatory cytokines such as IFN-y and TNF-a ). Through these
mediators they activate macrophages and intensify inflammatory cascades, a profile typically observed
during the early or stable phases of peri-implantitis > 3!l In contrast, Th2 cells produce a different set
of cytokines—including interleukin-4 (IL-4), interleukin-5 (IL-5) and IL-13—which promote humoral
immune responses and may contribute to chronic inflammatory remodeling in peri-implant lesions [ 481,
Th2 cells are frequently linked to the chronic progression of peri-implant inflammatory lesions, where
they participate both in reparative processes and in the perpetuation of chronic inflammation and
fibrosis!®. In a rat model of ligature-induced peri-implantitis, the submandibular lymph nodes were
isolated and subsequently analyzed using real-time quantitative PCR along with flow cytometry. Their
analysis revealed a significant increase in Thl and Th17 cell numbers within the lymph nodes (p <
0.05), whereas Th2 cell counts declined over time. This shift likely reflects a more pronounced
expansion of other Th subsets relative to the Th2 population P!,

As research into immune cell biology has advanced, the classical Th1/Th2 paradigm has been
extended to include Th17/Treg cells P21, Treg cells are essential for maintaining immune tolerance and
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limiting excessive inflammation. Their suppressive function is defined by the transcription factor
FOXP3 and is mediated by immunosuppressive cytokines such as IL-10, TGF-, and IL-35, allowing
them to adapt to microenvironment-specific immune regulation > 31, However, in peri-implantitis,
Treg cells may exhibit a dissociation between their frequency and functional capacity. A recent study by
Cafferata et al. demonstrated that, compared to healthy peri-implant tissues, peri-implantitis lesions
showed upregulated expression of the Treg lineage-defining transcription factor FOXP3, yet
downregulated expression of neuropilin-1—a co-stimulatory molecule associated with Treg function.
Concurrently, levels of TGF-B1, a cytokine with potent immunosuppressive activity, were reduced 4.
This "high phenotype, low function" state was significantly associated with deeper probing depths and
more severe bone defects, indicating that impaired Treg function compromises the suppression of
destructive inflammation and directly contributes to disease progression **l. Supporting this, Giro et al.
also reported elevated FOXP3 expression in peri-implantitis tissues relative to healthy controls,
suggesting recruitment or local expansion of Treg cells, albeit with insufficient functional capacity to
control inflammation [,

In contrast to functionally suppressed Treg cells, Th17 cells and their associated pro-inflammatory
pathways are significantly activated in peri-implantitis. The characteristic transcription factor RORyt of
Th17 is upregulated in peri-implantitis tissues [**. Studies have demonstrated that the immune
microenvironment of peri-implantitis exhibits a Th2/Th17-dominant pattern, with titanium ion levels in
the PISF showing a positive correlation with Thl7 activation. This suggests that foreign body
stimulation may directly shape this pro-inflammatory T-cell response [°¢1. Mardegan et al. previously
reported that the mRNA level of IL-23, a key inducer of Th17 differentiation in peri-implantitis tissues,
was significantly higher than that in healthy controls *”!. Clinical intervention studies further confirmed
that successful peri-implantitis treatment could significantly reduce the levels of Thl7-associated
effector cytokines (e.g., IL-17A, IL-1p and IL-6) in PISF ®), Th17 cells strongly recruit neutrophils by
secreting interleukin-17 (IL-17), synergistically promoting osteoclastogenesis and bone resorption,
serving as a critical effector pathway driving peri-implant alveolar bone loss [ 3% 601,

3.3 B Cells: Humoral Immunity and RANKL-Mediated Osteoclastogenesis

B cells account for approximately 10% of the inflammatory infiltrate in peri-implantitis lesions 471,
Their functional contributions to peri-implantitis include differentiation into plasma cells upon
activation by local antigens, leading to the production of specific antibodies against pathogens within
the peri-implant microbial biofilm . B cells may also form immune complexes, indirectly
exacerbating inflammatory responses by activating the complement system. More importantly,
activated B cells themselves are significant participants in inflammation and bone destruction 621,
Studies have shown that RANKL"' B lymphocytes accumulate in the peri-implant mucosa [%3]. RANKL
is a key factor in osteoclast differentiation and activation. Therefore, B cells directly contribute to
peri-implant bone resorption by providing RANKL 931, Furthermore, elevated levels of B cell
activating factor (BAFF) in the saliva of patients with peri-implantitis further corroborate the active
state of B cell-mediated immune responses in the disease [*.

4. Conclusion

This systematic review indicates that peri-implantitis is an inflammatory bone destruction disorder
characterized by immune dysregulation. The immunopathological features are significantly different
from periodontitis, showing stronger innate immune response and unique inflammatory
microenvironment. Based on the above understanding, future therapeutic strategies are likely to
increasingly shift from antimicrobial therapy and mechanical debridement toward host-modulating
therapies. From a translational perspective, these immunological insights point toward promising
therapeutic targets for precision immunotherapy in peri-implantitis. Strategies aimed at restoring the
M1/M2 macrophage balance, enhancing Treg suppressive function, or blocking specific
pro-inflammatory pathways—such as the CXCR2/CXCR1 neutrophil recruitment axis or
Th17-associated cytokines—may offer novel approaches to disease management.

Future research should prioritize longitudinal studies that track immune dynamics throughout
disease progression and in response to therapeutic intervention, as well as mechanistic investigations
employing advanced models that recapitulate the unique peri-implant microenvironment. The
integration of multi-omics approaches with spatial transcriptomics and single-cell resolution will
further refine our understanding of cell—cell interactions and functional states within peri-implantitis
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lesions. Ultimately, a comprehensive understanding of the immunopathological mechanisms underlying
peri-implantitis will inform the development of personalized immunomodulatory therapies capable of
arresting disease progression, promoting tissue regeneration, and improving long-term implant
outcomes.
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