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Periapical lesions are infectious diseases that occur in the apical region of teeth. They
result in the destruction of alveolar bone and are usually accompanied by swelling, pain,
and possible systemic impacts. A complex interaction between pathogens and the host
immune system determines the development, progression, and outcome of periapical
lesions. The lesions, if not treated promptly, may cause resorption of bone tissue,
destruction of the periodontal ligament, and loss of the affected teeth, all of which can
severely worsen the quality of life of patients, often at considerable economic cost to
both patients and medical organizations. Macrophages are a group of heterogeneous
cells that have many roles in the development of infections, destruction and
reconstruction of bone tissues, and microbe—host interactions. However, the
differential and comprehensive polarization of macrophages complicates the
understanding of the regulatory mechanism of periapical lesion progression. This
report provides a comprehensive review of recent advances in our knowledge of the
potential role of macrophages in determining the turnover of human periapical lesions.
For example, macrophage differentiation might indicate whether the lesions are stable or
progressing while the extent of bacteria invasion could regulate the differentiation and
function of macrophages involved in the periapical lesion. In addition, alternative
strategies for the treatment of apical periodontitis are discussed.
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Introduction

Human periapical lesions (PLs) are common infectious diseases that are
predominantly induced by endodontic microbial infections, especially by Gram-
negative microbes, and affect the tooth and surrounding alveolar bone (1-3). PLs are
an osteolytic disease that occurs in the apical region of the root (1). The prevalence of PLs

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2022.949102/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.949102/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.949102/full
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2022.949102&domain=pdf&date_stamp=2022-09-05
mailto:shj8182002@sohu.com
mailto:dingminghuang@163.com
https://doi.org/10.3389/fimmu.2022.949102
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2022.949102
https://www.frontiersin.org/journals/immunology

Song et al.

in the adult population is around 6.3% worldwide; PLs reduce
the lifespan and quality of life of those affected (4, 5). The
treatment success rate for PLs, including those operated on by
endodontic experts or specialists, is only just over 50% after 2
years’ follow-up (4, 5). Thus, despite “optimal treatment”,
hundreds of thousands of teeth continue to be affected by PLs,
causing symptomatic infection (5, 6). Therefore, it is essential to
elucidate the mechanism of development of PLs, and to identify
more effective and longer-lasting treatments (2).

Innate immunity is the first line of defence against microbial
invaders and plays important roles in the development of the
human immune system (7-9). Macrophages are one of the most
important innate immune cells and are responsible for the
recognition and clearance of exogenous pathogens in microbe-
mediated infectious diseases (10-12). Macrophages play a
significant role in the response to environmental challenge and
in tissue remodeling after injury (9). Autocrine, endocrine, or
paracrine cytokines or chemokines from different types of cells
modulate the status of macrophages and influence the function
and outcomes of macrophages during the progress of infectious
diseases (13). In addition, cell-cell interaction through ligand-
receptor binding also regulates the metabolic processes of
macrophages (14, 15). Consequently, macrophages play
diverse roles in regulating the inflammatory response and the
reparative process in many diseases (12, 16-18). However, the
precise role of macrophages in the development of PLs in
humans, and the impact of macrophage dysfunction on the
progress of human PLs, remain vague.

This report aims to review the clinical implications of
macrophage distribution in PLs from preclinical research and
laboratory studies. In addition, we discuss current experimental
progress for the treatment of PLs, which might bring us new
ideas in the search for new strategies in the treatment of PLs.

The clinical implications of
macrophage distribution in
periapical legions

Macrophages are one of the most important functional
components of the innate immune system (17). They play
essential roles in maintaining physiological homeostasis and
regulating the turnover of the immune responses in
pathological conditions (19, 20). The spatial distribution and
the polarization of macrophages might reflect the status of
diseases (21, 22). We speculated that the spatial and temporal
expression profile of macrophages might indicate the
progression of PLs. When periapical tissues are challenged by
bacterial invasion, the resident macrophages may respond to
foreign material, such as bacteria and the toxins released from
bacteria, and regulate the physiological and pathological process
(23, 24). In the development of PLs, lipopolysaccharide (LPS)
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released from bacteria might bind to toll-like receptor 4 (TLR4)
to initiate signal transduction and activate immune responses
(25). It is believed that macrophages are a group of
multifunctional and heterogeneous cells that can be divided
into two subsets: M1-like macrophages and M2-like
macrophages (26). M1-like macrophages, also known as
classically activated macrophages or proinflammatory
macrophages, are responsible for mediating and regulating the
process of inflammatory responses, with the participation of T
helper 1 (Th1) cells and their related cytokines. By contrast, M2-
like macrophages usually exhibit anti-inflammatory roles and
control the progress of efferocytosis (26-28).

In recent years, multiple groups of researchers have
elucidated the distribution phenotype and preliminary
function of macrophages in the development of PLs and the
roles of macrophages in the different stages of PLs (29-33). Most
of the observations of macrophages in PLs were from preclinical
studies. Azeredo et al. (34) found that cluster of differentiation
68 (CD68)-positive cells were extensively expressed in radicular
cysts (RCs) and periapical granulomas (PGs). However, the
number of infiltrating macrophages did not appear to differ
between the two types of PL (34). These results could suggest
that all macrophages found in RCs and PGs have similar
expression characteristics.

Several studies that further explored the relationship
between macrophage polarization and the aggressive/recovery
phase of apical periodontitis (AP) have shown that the
expression of Ml1-like or M2-like macrophages might be
correlated with the pathology of PLs (31, 32). The results of
quantitative immunohistochemical (IHC) studies have shown
that levels of cluster of differentiation 11c (CD11c)-positive (M1-
like) macrophages are higher in RCs, whereas levels of mannose
receptor C type 1(MRC1)-positive (M2-like) macrophages are
higher in PGs (31). The higher levels of infiltration of M1-like
macrophages in RCs indicate that an aggressive state of RCs
could be observed, more proinflammatory cytokines might be
secreted to the lesion area, and the activated osteoclasts in the
apical region of the affected teeth (33). In addition, a similar
expression profile of macrophages was observed in RCs of both
primary and permanent teeth (35). These studies suggest that
macrophages may exhibit different expression phenotypes at
different stages of PL progression. This, in turn, suggests that the
expression levels of macrophages could become a detection
marker for the classification of PLs, which might help in
clinical diagnosis and treatment decision-making.
Furthermore, several studies have mentioned a relationships
between the subtypes of macrophages and the clinical
symptoms of PLs. Veloso et al. (36) evaluated macrophage
expression of cluster of differentiation 14 (CD14), 64 (CD64),
80 (CD80), 163 (CD163), and 206 (CD206) in symptomatic
apical periodontitis (SAP) and asymptomatic apical
periodontitis (AAP) using flow cytometry. The expression
profile of the secreted cytokines was determined using
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quantitative polymerase chain reaction (QPCR). The ratio of M1-
like to M2-like macrophages was higher in the SAP group than
in the AAP group, and macrophages from patients with SAP
showed a significant reduction in CD163 expression. The
expression of interleukin 6 (IL-6) and 23 (IL-23) was markedly
higher in SAP patients than in AAP patients, which indicates
that these cytokines might be related to the clinical presentation
of PLs (36). In addition, Bracks et al. (37) found that the
infiltration of CD68-positive cells was accompanied by
increased expression of IL-6. Dzopalic et al. (38) carried out
multicolor flow cytometry and further explored the potential
relationship between IL-6 expression and the clinical features of
PLs. They demonstrated that symptomatic PLs were associated
with higher levels of expression of IL-6-positive M2-like
macrophages than asymptomatic PLs (38). Elucidation of the
relationship between clinical symptoms and the molecular level
of specific markers would help us to understand the underlying
mechanisms of the presence of pain, and develop specific
methods or techniques to detect and resolve the clinical
symptoms of PLs.

Although numerous preclinical data have demonstrated that
a large number of infiltrating M1-like macrophages might
indicate a destructive state of PLs, there is no exact description
of how M1-like or M2-like macrophages are distributed in PLs,
which needs further biological and biochemical
experimentation. In addition, owing to limitations with sample
collection during the microsurgery of endodontics and the
techniques used in previously mentioned studies, we could not
observe the accurate distribution of macrophages and their
relationships with the root, inflamed area, and surrounding
bones. Therefore, further research should include more
comprehensive and valid experiments and provide more solid
data to elucidate the precise distribution of different subtypes of
macrophages and their relationships with bone resorption area,
repaired or regenerative tissues, and other types of immune cells.
For example, spatial transcriptomics, single-cell sequencing, and
multiple immunochemistry techniques might be applied to
investigate the microenvironment of PLs, which might help us
to find more specific targets of PLs. These efforts might help us to
understand the failure of endodontic treatment and the
determining factor in the prognosis or outcomes of PLs.

The impact of bacteria on
macrophage polarization

The presence of bacteria and other pathogens is one of the
core reasons for the persistence of symptoms and other
manifestations of PLs. The emergence of next-generation
sequencing for micro-organism detection helped us to
understand the distribution of microbial communities of APs.
Hou et al. (39) found that the abundance of Porphyromonas
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gingivalis, Phocaeicola abscessus, Campylobacter showae, and
Tannerella forsythia was higher among patients with obvious
symptoms than in those without, suggesting that the number
and species of microbe might affect the outcome of PLs. Sun et
al. (40) found that the dominant bacteria isolated from
extraradicular and intraradicular samples from persistent APs
were quite different, which suggests that different bacteria play
different roles in the pathogenesis of persistent PLs. Considering
the fundamental roles of bacteria in the progression of PLs, in
this section we summarize the functions of oral bacteria, such as
Enterococcus faecalis and P. gingivalis, in the polarization of
macrophages (41, 42).

E. faecalis, a Gram-positive bacterium, has been found in
many bacterial studies to be closely related to the failure of the
treatment of human APs and has a higher detection rate in
secondary PLs than that in primary PLs (43, 44). Interestingly,
several in vitro studies have found that E. faecalis plays
potentially regulatory roles in the differentiation and
polarization of macrophages (42, 45, 46). Park et al. (46)
found that E. faecalis affected the osteoclastogenesis of
macrophages in vitro. In addition, E. faecalis activated the
immune responses, promoted proinflammatory cytokine
production, and maintained the phagocytic capacity of
macrophages. Furthermore, the co-culture of E. faecalis with a
human monocyte cell line suggests M2 polarization of infected
macrophages, with an increase in the production of reaction
oxygen species (ROS) (42). Ran et al. (45) found that the
presence of E. faecalis promoted the expression of caspase-1
and nod-like receptor family pyrin domain-containing protein 3
(NLRP3), which are key regulators of pyroptosis. E. faecalis
could activate the pyroptosis of macrophages and induce the
production and secretion of interleukin 1 beta (IL-1B) (45).
These results suggest a link between E. faecalis and APs and
endodontic failure.

P. gingivalis has also been recognized as an important oral
pathogenic bacterium that plays crucial roles in the development
of periodontitis and PLs, as well as several systematic diseases
(47). P. gingivalis is thought to have a wider and more
complicated effect on the host immune system than E. faecalis.
P. gingivalis, its LPS, and its outer membrane vesicles (OMVs)
might exert different immune-regulatory roles on macrophage
activation (48, 49). P. gingivalis LPS has been reported to weakly
activate the polarization of M1- or M2-like macrophages, and to
induce the production of inflammatory cytokines and
chemotactic cytokines, which might have a great impact on
the development and outcome of PLs (50).

Despite multiple studies having preliminarily discussed the
potential relationships between the presence or the invasion of
different bacteria and macrophage polarization and functions,
there is limited evidence demonstrating a connection between
the occurrence of bacteria and their pathogenic toxins, the
differentiated state of macrophages, and the destruction of
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alveolar bone and surrounding tissues. Therefore, future studies
should focus on elucidating the precise role of macrophages in
the development of human PLs, in particular the impact of
secreted cytokines on the immune microenvironment and bone
metabolism, and the strategies for the treatment of PLs.

Strategies for the treatment of
periapical lesions

Although root canal therapy (endodontic treatment) is
considered to be the most effective treatment for PLs, and has
a relatively high success rate, treatment fails in many cases,
resulting in refractory inflammation and repeated infections
of the affected teeth, accompanied by swelling, pain, and
general infection (5). It is essential that we urgently
investigate the reasons for persistent infection in alveolar
bone tissues and explore new, effective strategies for the
treatment of PLs, which should be specific and effective,
with few side effects.

From a genetics perspective, several research groups have
identified in in vitro and/or in vivo experiments molecules that
play significant roles in the development of PLs and which
might become therapeutic targets for the treatment of PLs in
humans. Hypoxia-inducible factor 1 alpha subunit (HIF-1c) is
a key molecule in the mediation of oxygen metabolism and
homeostasis, and plays important roles in inflammatory
reactions and bone reconstruction. Hirai et al. (51)
demonstrated that the application of exogenous HIF-lo
could protect the progression of APs by inhibiting the
secretion of proinflammatory cytokines, attenuating the M1
polarization of macrophages, and down-regulating
osteoclastogenic differentiation. In another study, the
regulatory role of serum amyloid A (SAA) in the
development of PLs was investigated using conditional
knockout (KO) mice. In this experimentally induced model
of PLs, the number of infiltrating myeloid cells in the periapical
region of affected teeth was lower in SAA KO mice than in
wild-type (WT) mice. In addition, SAA might regulate the
function of macrophages in PLs via toll-like receptor 2 (TLR2)
and TLR4, suggesting that SAA might become a regulatory
target for the treatment of PLs (52). Similarly, Wang et al. (53)
showed that adeno-associated virus (AAV)-mediated
therapeutic methods can effectively reduce tissue destruction,
attenuate the inflammatory reaction, and slow the process of
alveolar bone loss. The application of Afp6vicl (an AAV
specific for C1 silencing) could reduce bone destruction by
nearly 70%, decreasing the infiltration of inflammatory cells
into the periapical region, and maintain the integrity of
periodontal ligament (53). Despite the fact that more data
and experiments are needed to ensure the efficiency and safety
of this strategy, this study showed that AAV-mediated
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methods might become an effective strategy for the assistance
of endodontic treatment.

As well as uncovering the underlying mechanism of PLs by
molecular methods, some research groups have also tried to
elucidate the potential roles of immunoregulatory agents or
antioxidants in the treatment of PLs, such as melatonin,
azithromycin, or metformin (54-56). Saritekin et al. (54)
showed that intraperitoneal injection of melatonin could
attenuate the progression of PLs, leading to a reduction in
inflammatory reactions and a decrease in periapical defects.
This indicates that melatonin protects against the development
of PLs. The application of azithromycin has also been shown to
have a significant beneficial effect on APs, resulting in increased
infiltration of neutrophils and M2-like macrophages. These data
suggest that azithromycin might become a therapeutic option in
the adjunctive treatment of PLs (55). In addition, not only could
the general application of drugs help the resolution of PLs, but
intracanal administration of some agents could contribute to the
recovery of existing periapical lesions. Intracanal metformin
could contribute to the healing of APs by suppressing
monocyte recruitment and inhibiting inducible nitric oxide
synthase (iNOS), which is a representative marker for M1-like
macrophages (56). Although these encouraging data raised some
potential strategies for the treatment of refractory PLs, more
research should focus on elucidating the underlying mechanism
of APs and revealing the precise function of the drug or
exogenous agents on the healing of PLs. Only in this way can
we improve the success rate of endodontic treatment.

Conclusion

With more studies reporting that polarized macrophages are
closely correlated with the progressive state of PLs, it is urgent
for us to elucidate the precise mechanism of the regulatory roles
of macrophages in the development of PLs. As research on the
role of macrophages in the pathogenesis of PLs gradually
progresses, we must pay more attention to the current
limitations and drawbacks in the previously published studies.
The predominant subtypes of macrophages at different stages of
PLs, the regulatory cytokine networks that macrophages
participate in, and the potential therapeutic targets on
macrophage regulations need to be settled. In this way, we
could understand the pathological mechanisms of PLs better,
and we can find more effective strategies to improve the success
rate of the treatment of PLs.

Author contributions

HS conceived and designed this review. YS, XL, DH, and HS
wrote the first draft of the manuscript and made the literature

frontiersin.org


https://doi.org/10.3389/fimmu.2022.949102
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Song et al.

review. DH and HS critically revised the manuscript. All authors
contributed to this article and approved the final version to
be submitted.

Funding

This study was supported by The Research Project of
Sichuan Medical Association, No. S18012 (HS).

Acknowledgments

We sincerely thank Doctor Liu Liu (Sichuan University) for
his kind help with this manuscript.

References

1. Alvarez C, Monasterio G, Cavalla F, Cordova LA, Hernandez M, Heymann
D, et al. Osteoimmunology of oral and maxillofacial diseases: Translational
applications based on biological mechanisms. Front Immunol (2019) 10:1664.
doi: 10.3389/fimmu.2019.01664

2. Cavalla F, Letra A, Silva RM, Garlet GP. Determinants of Periodontal/
Periapical lesion stability and progression. J Dent Res (2021) 100(1):29-36. doi:
10.1177/0022034520952341

3. Wang L, Yang F, Qiu Y, Ye L, Song D, Huang D. The potential roles of T cells
in periapical lesions. ] Endod (2022) 48(1):70-9. doi: 10.1016/j.joen.2021.09.016

4. Jakovljevic A, Nikolic N, Jacimovic J, Pavlovic O, Milicic B, Beljic-Ivanovic K,
et al. Prevalence of apical periodontitis and conventional nonsurgical root canal
treatment in general adult population: An updated systematic review and meta-
analysis of cross-sectional studies published between 2012 and 2020. J Endod
(2020) 46(10):1371-86. doi: 10.1016/j.joen.2020.07.007

5. Restrepo-Restrepo FA, Canas-Jimenez SJ, Romero-Albarracin RD, Villa-
Machado PA, Perez-Cano MI, Tobon-Arroyave SI. Prognosis of root canal
treatment in teeth with preoperative apical periodontitis: a study with cone-
beam computed tomography and digital periapical radiography. Int Endod ]
(2019) 52(11):1533-46. doi: 10.1111/iej.13168

6. Serefoglu B, Micoogullari Kurt S, Kandemir Demirci G, Kaval ME, Caliskan
MK. A prospective cohort study evaluating the outcome of root canal retreatment
in symptomatic mandibular first molars with periapical lesions. Int Endod J (2021)
54(12):2173-83. doi: 10.1111/iej.13631

7. Baral P, Udit S, Chiu IM. Pain and immunity: implications for host defence.
Nat Rev Immunol (2019) 19(7):433-47. doi: 10.1038/s41577-019-0147-2

8. Lemke G. How macrophages deal with death. Nat Rev Immunol (2019) 19
(9):539-49. doi: 10.1038/s41577-019-0167-y

9. Watanabe S, Alexander M, Misharin AV, Budinger GRS. The role of
macrophages in the resolution of inflammation. J Clin Invest (2019) 129
(7):2619-28. doi: 10.1172/JCI124615

10. Ost KS, Round JL. Communication between the microbiota and
mammalian immunity. Annu Rev Microbiol (2018) 72:399-422. doi: 10.1146/
annurev-micro-090817-062307

11. Ganal-Vonarburg SC, Hornef MW, Macpherson AJ. Microbial-host
molecular exchange and its functional consequences in early mammalian life.
Science (2020) 368(6491):604-7. doi: 10.1126/science.aba0478

12. Zheng D, Liwinski T, Elinav E. Interaction between microbiota and
immunity in health and disease. Cell Res (2020) 30(6):492-506. doi: 10.1038/
$41422-020-0332-7

13. Abraham C, Abreu MT, Turner JR. Pattern recognition receptor signaling
and cytokine networks in microbial defenses and regulation of intestinal barriers:
Implications for inflammatory bowel disease. Gastroenterology (2022) 6:1602-16.
doi: 10.1053/j.gastro.2021.12.288

14. Arteaga-Blanco LA, Bou-Habib DC. The role of extracellular vesicles from
human macrophages on host-pathogen interaction. Int ] Mol Sci (2021) 22(19). doi:
10.3390/ijms221910262

Frontiers in Immunology

05

10.3389/fimmu.2022.949102

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

15. Kim JM, Lin C, Stavre Z, Greenblatt MB, Shim JH. Osteoblast-osteoclast
communication and bone homeostasis. Cells (2020) 9(9). doi: 10.3390/
cells9092073

16. Laskin DL, Sunil VR, Gardner CR, Laskin JD. Macrophages and tissue
injury: agents of defense or destruction? Annu Rev Pharmacol Toxicol (2011)
51:267-88. doi: 10.1146/annurev.pharmtox.010909.105812

17. Michalski MN, McCauley LK. Macrophages and skeletal health. Pharmacol
Ther (2017) 174:43-54. doi: 10.1016/j.pharmthera.2017.02.017

18. DeNardo DG, Ruffell B. Macrophages as regulators of tumour immunity
and immunotherapy. Nat Rev Immunol (2019) 19(6):369-82. doi: 10.1038/s41577-
019-0127-6

19. Xu H, Zhang S, Sathe AA, Jin Z, Guan J, Sun W, et al. CCR2(+)
macrophages promote orthodontic tooth movement and alveolar bone
remodeling. Front Immunol (2022) 13:835986. doi: 10.3389/fimmu.2022.835986

20. Wang L, Sun Z, Liu L, Peng B. Expression of CX3CL1 and its receptor,
CX3CR1, in the development of periapical lesions. Int Endod J (2014) 47(3):271-9.
doi: 10.1111/iej.12143

21. Ydens E, Amann L, Asselbergh B, Scott CL, Martens L, Sichien D, et al.
Profiling peripheral nerve macrophages reveals two macrophage subsets with
distinct localization, transcriptome and response to injury. Nat Neurosci (2020)
23(5):676-89. doi: 10.1038/s41593-020-0618-6

22. Guilliams M, Bonnardel J, Haest B, Vanderborght B, Wagner C, Remmerie
A, et al. Spatial proteogenomics reveals distinct and evolutionarily conserved
hepatic macrophage niches. Cell (2022) 185(2):379-396 €338. doi: 10.1016/
j.cell 2021.12.018

23. Goldman E, Reich E, Roshihotzki B, Saketkhou M, Wald S, Goldstein A,
et al. A mouse model for studying the development of apical periodontitis with age.
Cells (2021) 10(3). doi: 10.3390/cells10030671

24. Ricucci D, Rocas IN, Hernandez S, Siqueira JF Jr. "True" versus "Bay" apical
cysts: Clinical, radiographic, histopathologic, and histobacteriologic features. J
Endod (2020) 46(9):1217-27. doi: 10.1016/j.joen.2020.05.025

25. Latz E, Visintin A, Lien E, Fitzgerald KA, Monks BG, Kurt-Jones EA, et al.
Lipopolysaccharide rapidly traffics to and from the golgi apparatus with the toll-
like receptor 4-MD-2-CD14 complex in a process that is distinct from the initiation
of signal transduction. J Biol Chem (2002) 277(49):47834-43. doi: 10.1074/
jbc.M207873200

26. Silva LM, Doyle AD, Greenwell-Wild T, Dutzan N, Tran CL, Abusleme L,
et al. Fibrin is a critical regulator of neutrophil effector function at the oral mucosal
barrier. Science (2021) 374(6575):eabl5450. doi: 10.1126/science.abl5450

27. Michalski MN, Koh AJ, Weidner S, Roca H, McCauley LK. Modulation of
osteoblastic cell efferocytosis by bone marrow macrophages. J Cell Biochem (2016)
117(12):2697-706. doi: 10.1002/jcb.25567

28. Meyle ], Dommisch H, Groeger S, Giacaman RA, Costalonga M, Herzberg
M. The innate host response in caries and periodontitis. J Clin Periodontol (2017)
44(12):1215-25. doi: 10.1111/jcpe.12781

frontiersin.org


https://doi.org/10.3389/fimmu.2019.01664
https://doi.org/10.1177/0022034520952341
https://doi.org/10.1016/j.joen.2021.09.016
https://doi.org/10.1016/j.joen.2020.07.007
https://doi.org/10.1111/iej.13168
https://doi.org/10.1111/iej.13631
https://doi.org/10.1038/s41577-019-0147-2
https://doi.org/10.1038/s41577-019-0167-y
https://doi.org/10.1172/JCI124615
https://doi.org/10.1146/annurev-micro-090817-062307
https://doi.org/10.1146/annurev-micro-090817-062307
https://doi.org/10.1126/science.aba0478
https://doi.org/10.1038/s41422-020-0332-7
https://doi.org/10.1038/s41422-020-0332-7
https://doi.org/10.1053/j.gastro.2021.12.288
https://doi.org/10.3390/ijms221910262
https://doi.org/10.3390/cells9092073
https://doi.org/10.3390/cells9092073
https://doi.org/10.1146/annurev.pharmtox.010909.105812
https://doi.org/10.1016/j.pharmthera.2017.02.017
https://doi.org/10.1038/s41577-019-0127-6
https://doi.org/10.1038/s41577-019-0127-6
https://doi.org/10.3389/fimmu.2022.835986
https://doi.org/10.1111/iej.12143
https://doi.org/10.1038/s41593-020-0618-6
https://doi.org/10.1016/j.cell.2021.12.018
https://doi.org/10.1016/j.cell.2021.12.018
https://doi.org/10.3390/cells10030671
https://doi.org/10.1016/j.joen.2020.05.025
https://doi.org/10.1074/jbc.M207873200
https://doi.org/10.1074/jbc.M207873200
https://doi.org/10.1126/science.abl5450
https://doi.org/10.1002/jcb.25567
https://doi.org/10.1111/jcpe.12781
https://doi.org/10.3389/fimmu.2022.949102
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Song et al.

29. Kopp W, Schwarting R. Differentiation of T lymphocyte subpopulations,
macrophages, and HLA-DR-restricted cells of apical granulation tissue. ] Endod
(1989) 15(2):72-5. doi: 10.1016/S0099-2399(89)80111-6

30. Akamine A, Anan H, Hamachi T, Maeda K. A histochemical study of the
behavior of macrophages during experimental apical periodontitis in rats. ] Endod
(1994) 20(10):474-8. doi: 10.1016/S0099-2399(06)80042-7

31. Weber M, Schlittenbauer T, Moebius P, Buttner-Herold M, Ries J, Preidl R, et al.
Macrophage polarization differs between apical granulomas, radicular cysts, and dentigerous
cysts. Clin Oral Investig (2018) 22(1):385-94. doi: 10.1007/s00784-017-2123-1

32. Franca GM, Carmo AFD, Costa Neto H, Andrade A, Lima KC, Galvao HC.
Macrophages subpopulations in chronic periapical lesions according to clinical and
morphological aspects. Braz Oral Res (2019) 33:e047. doi: 10.1590/1807-3107bor-
2019.vol33.0047

33. Weber M, Ries J, Buttner-Herold M, Geppert CI, Kesting M, Wehrhan F.
Differences in inflammation and bone resorption between apical granulomas,
radicular cysts, and dentigerous cysts. J Endod (2019) 45(10):1200-8. doi:
10.1016/j.joen.2019.06.014

34. Azeredo SV, Brasil SC, Antunes H, Marques FV, Pires FR, Armada L.
Distribution of macrophages and plasma cells in apical periodontitis and their
relationship with clinical and image data. J Clin Exp Dent (2017) 9(9):¢1060-5. doi:
10.4317/jced 53758

35. Bertasso AS, Leon JE, Silva RAB, Silva LAB, de Queiroz AM, Pucinelli CM, et al.
Immunophenotypic quantification of M1 and M2 macrophage polarization in
radicular cysts of primary and permanent teeth. Int Endod J (2020) 53(5):627-35.
doi: 10.1111/iej.13257

36. Veloso P, Fernandez A, Terraza-Aguirre C, Alvarez C, Vernal R, Escobar A,
et al. Macrophages skew towards M1 profile through reduced CD163 expression in
symptomatic apical periodontitis. Clin Oral Investig (2020) 24(12):4571-81. doi:
10.1007/s00784-020-03324-2

37. Bracks IV, Armada L, Gongalves LS, Pires FR. Distribution of mast cells and
macrophages and expression of interleukin-6 in periapical cysts. ] Endod (2014) 40
(1):63-8. doi: 10.1016/j.joen.2013.09.037

38. Dzopali¢ T, Tomic¢ S, Beki¢ M, Vucevi¢c D, Mihajlovi¢ D, Erakovi¢ M, et al.
Ex vivo study of IL-6 expression and function in immune cell subsets from human
periapical lesions. Int Endod ] (2022) 55(5):480-94. doi: 10.1111/iej.13704

39. Hou Y, Wang L, Zhang L, Tan X, Huang D, Song D. Potential relationship
between clinical symptoms and the root canal microbiomes of root filled teeth based on
the next-generation sequencing. Int Endod J (2022) 55(1):18-29. doi: 10.1111/iej.13640

40. Sun X, Yang Z, Nie Y, Hou B. Microbial communities in the extraradicular
and intraradicular infections associated with persistent apical periodontitis. Front
Cell Infect Microbiol (2021) 11:798367. doi: 10.3389/fcimb.2021.798367

41. Meka SRK, Younis T, Reich E, Elayyan J, Kumar A, Merquiol E, et al.
TNFalpha expression by porphyromonas gingivalis-stimulated macrophages relies
on Sirtl cleavage. J Periodontal Res (2021) 56(3):535-46. doi: 10.1111/jre.12853

42. Polak D, Yaya A, Levy DH, Metzger Z, Abramovitz I. Enterococcus faecalis
sustained infection induces macrophage pro-resolution polarization. Int Endod ]
(2021) 54(10):1840-9. doi: 10.1111/iej.13574

Frontiers in Immunology

06

10.3389/fimmu.2022.949102

43. Stuart CH, Schwartz SA, Beeson TJ, Owatz CB. Enterococcus faecalis: its
role in root canal treatment failure and current concepts in retreatment. ] Endod
(2006) 32(2):93-8. doi: 10.1016/j.joen.2005.10.049

44. Bouillaguet S, Manoil D, Girard M, Louis J, Gaia N, Leo S, et al. Root
microbiota in primary and secondary apical periodontitis. ront Microbiol (2018)
9:2374. doi: 10.3389/fmicb.2018.02374

45. Ran S, Huang J, Liu B, Gu S, Jiang W, Liang J. Enterococcus faecalis activates
NLRP3 inflammasomes leading to increased interleukin-1 beta secretion and
pyroptosis of THP-1 macrophages. Microb Pathog (2021) 154:104761. doi:
10.1016/j.micpath.2021.104761

46. Park OJ, Yang J, Kim J, Yun CH, Han SH. Enterococcus faecalis attenuates
the differentiation of macrophages into osteoclasts. ] Endod (2015) 41(5):658-62.
doi: 10.1016/j,joen.2014.12.015

47. Mei F, Xie M, Huang X, Long Y, Lu X, Wang X, et al. Porphyromonas
gingivalis and its systemic impact: Current status. Pathogens (2020) 9(11). doi:
10.3390/pathogens9110944

48. Fleetwood AJ, Lee MKS, Singleton W, Achuthan A, Lee MC, O'Brien-
Simpson NM, et al. Metabolic remodeling, inflammasome activation, and
pyroptosis in macrophages stimulated by porphyromonas gingivalis and its outer
membrane vesicles. Front Cell Infect Microbiol (2017) 7:351. doi: 10.3389/
fcimb.2017.00351

49. Yu S, Ding L, Liang D, Luo L. Porphyromonas gingivalis inhibits M2
activation of macrophages by suppressing alpha-ketoglutarate production in mice.
Mol Oral Microbiol (2018) 33(5):388-95. doi: 10.1111/0mi.12241

50. Holden JA, Attard TJ, Laughton KM, Mansell A, O'Brien-Simpson NM,
Reynolds EC. Porphyromonas gingivalis lipopolysaccharide weakly activates M1
and M2 polarized mouse macrophages but induces inflammatory cytokines. Infect
Immun (2014) 82(10):4190-203. doi: 10.1128/IAL.02325-14

51. Hirai K, Furusho H, Hirota K, Sasaki H. Activation of hypoxia-inducible
factor 1 attenuates periapical inflammation and bone loss. Int ] Oral Sci (2018) 10
(2):12. doi: 10.1038/541368-018-0015-0

52. Hirai K, Furusho H, Kawashima N, Xu S, de Beer MC, Battaglino R, et al.
Serum amyloid a contributes to chronic apical periodontitis via TLR2 and TLR4. ]
Dent Res (2019) 98(1):117-25. doi: 10.1177/0022034518796456

53. Wang Y, Chen W, Hao L, McVicar A, Wu J, Gao N, et al. Cl silencing
attenuates inflammation and alveolar bone resorption in endodontic disease. J
Endod (2019) 45(7):898-906. doi: 10.1016/j.joen.2019.02.024

54. Saritekin E, Ureyen Kaya B, Asci H, Ozmen O. Anti-inflammatory and
antiresorptive functions of melatonin on experimentally induced periapical lesions.
Int Endod J (2019) 52(10):1466-78. doi: 10.1111/iej.13138

55. Andrada AC, Azuma MM, Furusho H, Hirai K, Xu S, White RR, et al.
Immunomodulation mediated by azithromycin in experimental periapical
inflammation. J Endod (2020) 46(11):1648-54. doi: 10.1016/j.joen.2020.07.028

56. Wang HW, Lai EH, Yang CN, Lin SK, Hong CY, Yang H, et al. Intracanal
metformin promotes healing of apical periodontitis via suppressing inducible nitric
oxide synthase expression and monocyte recruitment. J Endod (2020) 46(1):65-73.
doi: 10.1016/j.joen.2019.10.001

frontiersin.org


https://doi.org/10.1016/S0099-2399(89)80111-6
https://doi.org/10.1016/S0099-2399(06)80042-7
https://doi.org/10.1007/s00784-017-2123-1
https://doi.org/10.1590/1807-3107bor-2019.vol33.0047
https://doi.org/10.1590/1807-3107bor-2019.vol33.0047
https://doi.org/10.1016/j.joen.2019.06.014
https://doi.org/10.4317/jced.53758
https://doi.org/10.1111/iej.13257
https://doi.org/10.1007/s00784-020-03324-2
https://doi.org/10.1016/j.joen.2013.09.037
https://doi.org/10.1111/iej.13704
https://doi.org/10.1111/iej.13640
https://doi.org/10.3389/fcimb.2021.798367
https://doi.org/10.1111/jre.12853
https://doi.org/10.1111/iej.13574
https://doi.org/10.1016/j.joen.2005.10.049
https://doi.org/10.3389/fmicb.2018.02374
https://doi.org/10.1016/j.micpath.2021.104761
https://doi.org/10.1016/j.joen.2014.12.015
https://doi.org/10.3390/pathogens9110944
https://doi.org/10.3389/fcimb.2017.00351
https://doi.org/10.3389/fcimb.2017.00351
https://doi.org/10.1111/omi.12241
https://doi.org/10.1128/IAI.02325-14
https://doi.org/10.1038/s41368-018-0015-0
https://doi.org/10.1177/0022034518796456
https://doi.org/10.1016/j.joen.2019.02.024
https://doi.org/10.1111/iej.13138
https://doi.org/10.1016/j.joen.2020.07.028
https://doi.org/10.1016/j.joen.2019.10.001
https://doi.org/10.3389/fimmu.2022.949102
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Macrophages in periapical lesions: Potential roles and future directions
	Introduction
	The clinical implications of macrophage distribution in periapical legions
	The impact of bacteria on macrophage polarization
	Strategies for the treatment of periapical lesions
	Conclusion
	Author contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


