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Aim: To investigate the effect of genetically proxied inhibition of tumor necrosis

factor receptor 1 (TNFR1) on the risk of periodontitis.

Materials and methods: Genetic instruments were selected from the vicinity of

TNFR superfamily member 1A (TNFRSF1A) gene (chromosome 12; base pairs

6,437,923–6,451,280 as per GRCh37 assembly) based on their association with

C-reactive protein (N= 575,531). Summary statistics of these variants were

obtained from a genome-wide association study (GWAS) of 17,353 periodontitis

cases and 28,210 controls to estimate the effect of TNFR1 inhibition on

periodontitis using a fixed-effects inverse method.

Results: Considering rs1800693 as an instrument, we found no effect of TNFR1

inhibition on periodontitis risk (Odds ratio (OR) scaled per standard deviation

increment in CRP: 1.57, 95% confidence interval (CI): 0.38;6.46). Similar results

were derived from a secondary analysis that used three variants (rs767455,

rs4149570, and rs4149577) to index TNFR1 inhibition.

Conclusions: We found no evidence of a potential efficacy of TNFR1 inhibition on

periodontitis risk.

KEYWORDS

tumor necrosis factor (TNF), periodonditis, cis-Mendelian randomization analysis,
genetics, proinflammatory cytokine
Introduction

Periodontitis is a chronic inflammatory disease of the oral cavity that is linked to an

imbalanced relationship between a dysbiotic microbiome and the host inflammatory

response, progressively leading to the loss of periodontal ligaments and alveolar bone (1).

Tumor necrosis factor (TNF) belongs to a superfamily of cytokines with a broad spectrum of
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physiological and pathological effects (2). TNF is first translated as a

transmembrane molecule (mTNF) and then cleaved by a

metalloproteinase (TNF converting enzyme) to produce a soluble

form of TNF (sTNF). Both mTNF and sTNF induce cellular

responses through binding to the two receptors, TNF receptor 1

(TNFR1) and TNF receptor 2 (TNFR2) (3). While the TNF-mediated

signaling pathway of the former promotes cell survival, apoptosis, or

necrosis, agonism of the latter induces homeostatic signaling (e.g.,

tissue regeneration, cell proliferation, and cell survival) (4). In

periodontal diseases, TNF plays a major role as an osteoclast-

stimulating hormone that mediates bone resorption via two distinct

pathways: receptor activator of NF-ĸB ligand (RANKL) dependent

and RANKL independent (5). During a bacterial infection, a variety of

cell types that reside in the periodontium produce and secrete TNF

(e.g., macrophages, neutrophils, keratinocytes, fibroblasts, natural

killer cells, and T and B cells). Consequently, TNF enhances the

expression of RANKL on the cell surface of several cell types, which in

turn binds to a RANK receptor on the cell membrane of osteoclast

precursors to promote the formation of osteoclasts. In addition, TNF

directly binds to its own receptors to induce the differentiation of

precursor cells into osteoclasts (6). TNF is considered a key biomarker

that reveals insights about diagnosis, prognosis, and treatment in

periodontal disease. During inflammatory conditions, such as

periodontitis, TNF levels increase in the gingival crevicular fluid to

promote the degeneration of inflamed periodontal tissues (7). Several

clinical trials have shown an association between salivary TNF and

periodontal diseases. TNF was elevated in patients who had clinical

indicators of periodontitis, suggesting that this biomarker may be

useful in a panel of salivary biomarkers that could facilitate the

screening, diagnosis, and management of periodontal diseases (8).

Also, TNF levels were reduced in response to periodontitis treatment

(9, 10). The most recent case definition system of periodontitis

recommended the incorporation of biomarkers, measured from

saliva and gingival crevicular fluid, to better assess the prognosis of

the disease (11). The update of the classification system is still ongoing

to incorporate more robust biomarkers in the future guidelines (12).

To date, five licensed TNF inhibitors have been used in treating a set

of inflammatory diseases: etanercept, infliximab, adalimumab,

golimumab, and certolizumab. These molecules inhibit the

formation of the ligand-receptor complex between TNF and its

receptors TNFR1/2 via different mechanisms (13). The use of TNF

inhibitors in animal studies has revealed their potential effectiveness

in alleviating periodontal inflammation and reducing alveolar bone

loss (14). Similarly, human studies suggested that these medications

might improve periodontal clinical parameters in patients with

periodontal diseases (10, 15, 16). Findings from systematic reviews

are controversial where there is no general agreement on whether

TNF inhibitors improve periodontal parameters. Some studies have

suggested that treating rheumatoid arthritis (RA) with TNF inhibitors

not only alleviates joint inflammation and damage but might also

improve periodontal disease outcomes (17). However, other studies

reported inconsistent results regarding the efficacy of TNF inhibitors

in periodontal diseases (18).

Human genetics helped in identifying the role of genes and

genetic polymorphisms in the onset and development of

periodontitis (19). The causal pathway from genetic components to

periodontitis is often dependent on cytokine gene polymorphisms
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(20, 21). In addition to discovering genetic components that are

directly involved in the etiology of diseases, human genetic data has

been extensively used in Mendelian randomization (MR) studies to

assess the causal relationship between environmental and biological

risk factors and disease susceptibility. MR is an instrumental variable

(IV) approach that employs single nucleotide polymorphisms (SNPs)

as instruments to index a certain risk factor (22). The random

allocation of genetic variants and balancing of environmental

factors at conception make an MR design less susceptible to

confounding. In addition, these variants are assumed to remain

unchanged throughout the lifetime, so they are not affected by the

outcome. Thus, the inference drawn through an MR analysis will be

less likely due to reverse causation (23). Drug target MR is a cis-MR

approach that is an extension to the classical MR method and uses

druggable protein expression as an exposure (24). Recent years have

witnessed a growing research application of this study design in

pharmacoepidemiology to reveal drug-repurposing opportunities

(25). The application of MR in this context is considered analogous

to in-silico trials that provide virtual randomization to study the

therapeutic effect of an intervention in a certain population. For

instance, the potential efficacy of IL-6 receptor blocker in preventing

coronary heart disease was first discovered utilizing the drug target

MR approach (26) then validated in clinical trials leading to the

development of ziltivekimab, a novel IL-6R inhibiting drug

specifically for use in atherosclerotic disease (27). Considering the

growing interest in the potential efficacy of anti-rheumatic agents

(e.g., TNF inhibitors) in patients with periodontitis (28) the present

study aimed to test if blocking TNFR1 would reduce the risk of

periodontitis using a drug target MR approach.
Materials and methods

Study design

We applied a cis-MR design based on summary statistics from

genome-wide association studies (GWAS) to assess the causal effect of

TNFR1 inhibition on periodontitis risk. To ensure the validity of the

causal inference derived from an MR approach, IVs must fulfill three

key assumptions. 1) The relevance assumption: genetic variants,

extracted as IVs, should be associated with the exposure; 2)

exchangeability assumption: IVs are independent of confounders of

the IV-outcome relation; 3) and the exclusion restriction assumption:

IVs affect the outcome only through the exposure and not via other

biological pathways (i.e., no horizontal pleiotropic effect) (24). In a

classical MR study, genetic variants are selected from throughout the

genome, while in drug target MR, cis-acting variants are chosen from

the vicinity of a specific gene known to encode a target of interest,

typically a protein. Cis-variants most likely influence the biological

effects of their corresponding gene, hence, strengthening the validity

of the genotype-phenotype association and the relevance assumption.

In addition, these variants control the expression of their genes rather

than the expression of genes that are located outside the protein-

encoding region. Thus, the risk of horizontal pleiotropy would be

diminished, minimizing the possibility of violating the exchangeability

and exclusion restriction assumptions (26). Finally, the choice of cis-

variants nullifies the possibility of reverse causation because the
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likelihood of the direction of causality from the encoded gene towards

the phenotype (e.g., disease) is favored over the direction from the

phenotype to the encoded protein (24).
Indexing TNF inhibition

Selective inhibition of TNFR1 guarantees a targeted intervention,

halting the pro-inflammatory cascade of events mediated by TNF

while keeping the homeostatic signaling, contributed by TNFR2,

untouched (4). It has been found that the blockage of TNFR1

inhibits the production and secretion of inflammatory markers like

C-reactive protein (CRP), which is often used as a treatment response

biomarker of TNF inhibitors (29). In our study, we restricted the pool

of potential IVs to SNPs that are in the vicinity of the TNFR

superfamily member 1A (TNFRSF1A) gene (chromosome 12; base

pairs 6,437,923–6,451,280 as per GRCh37 assembly), the gene that

encodes TNFR1, which is a protein embedded in the cell membrane of

inflammatory cells. We selected SNPs proximal to the protein-

encoding gene (± 1 kb) to minimize the likelihood of selecting

SNPs that affect the outcome through an alternative pathway

(horizontal pleiotropy) other than the TNF-TNFR1 mediated

pathway. Since CRP is a reliable downstream biomarker for the

binding of TNF to TNFR1, we retained the IVs from the

TNFRSF1A gene that are associated with CRP levels based on

summary statistics reported in GWAS. We set the genome-wide

significance threshold at <5x10-5 and linkage disequilibrium (LD)

clumping at r2 < 0.001 to select independent SNPs with the strongest

evidence of association with systemic inflammation. This algorithm

retained a single SNP, rs1800693, which is known to be associated

with the increased expression of D6-TNFR, a soluble protein that

mimics the activity of TNF antagonists (30). Also, we detected 3 other

SNPs (rs767455, rs4149570, and rs4149577) in the targeted gene that

are associated with CRP levels and had previously been utilized in

studies aiming to evaluate the effect of genetically proxied TNFR1

inhibition on several disease outcomes. In these MR studies, the

indexing of TNF-TNFR1 signaling inhibition utilizing these 3 SNPs

showed protective effects for diseases where TNF inhibitors have been

approved for treatment, and unfavorable outcomes where TNF

inhibitors are known to exacerbate the symptoms (31, 32).
Treatment indexing GWAS

We used genetic association estimates with serum concentration

of CRP from a GWAS meta-analysis (N=575,531) of the UK biobank

(N=427,367) and the Cohorts for Heart and Aging Research in

Genomic Epidemiology consortium (N=148,164). Data in these

GWAS was derived from participants of European descent. CRP

serum concentration was measured by the standard immune assay as

mg/L (33).
Outcome GWAS

Summary statistics for periodontitis were obtained from the

Gene-Lifestyle Interactions in Dental Endpoints consortium. A total
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of 17,353 participants of European ancestry were classified as clinical

periodontitis cases and 28,210 as controls. Periodontitis cases were

classified by either the Centers for Disease and Control and

Prevention/American Academy of Periodontology (CDC/AAP) or

the Community Periodontal Index (CPI) case definition (34).
Statistical analysis

Data for the exposure and outcome were harmonized to ensure

that the IV–outcome association and the IV–exposure association

refer to the same effect allele. We tested the relevance assumption via

the F statistic for the IVs’ association with CRP. We set a cutoff of >10,

which is generally acceptable to rule out weak instrument bias (35).

First, we utilized the only SNP retained from the statistical selection

(rs1800693) in our primary analysis and calculated the Wald ratio to

estimate periodontitis risk per a standard deviation decrease in CRP

mediated via TNFR1-blockade. Second, we considered rs767455,

rs4149570, and rs4149577 as IVs for our secondary analysis. These

SNPs were in LD with r2 ≈ 0.7 in the European 1000 version 3

genomes data. Using more genetic variants will plausibly increase the

power of the analysis at the cost of including correlated SNPs through

LD and consequently exaggerate the precision of causal effects (36).

Thus, we derived causal estimates from a fixed-effects inverse variance

weighted (IVW) model accounting for the correlation between

genetic variants (37). In an alternative way to compensate for

correlation, we extended the IVW method by using principle

component analysis (PCA). This method guarantees that all

variants contribute to the analysis (38). Principal components in

the IVW estimator explained over 99% of the variance in the weighted

correlation matrix. All analyses were performed in R version 4.1.2

using TwoSampleMR and MendelianRandomization packages.
Ethics

All analyses were based on publicly available summary statistics

without accessing individual-level data; hence, ethical approval was

not required. The included GWAS received informed consent from

the study participants and have been approved by pertinent local

ethical review boards.
Results

The F-Statistic for the IVs used in our primary and secondary

analysis ranged between 54 and 118, indicating no weak instrument

bias (Table 1). TheWald estimator from our primary analysis failed to

show an effect of TNFR1 inhibition on periodontitis risk (Odds ratio

(OR): 1.57, 95% confidence interval (CI): 0.38;6.46) (Table 2). In our

secondary analysis, using three SNPs as IVs (rs767455, rs4149570,

and rs4149577), results from the IVW and the PCA method did not

show an association between genetically indexed inhibition of TNF-

TNFR1 and risk of periodontitis (OR: 0.57, 95% CI: 0.12;2.57, and

OR: 0.57, 95% CI: 0.13;2.63, respectively).
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1094175
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Alayash et al. 10.3389/fimmu.2023.1094175
Discussion

In this study, we addressed whether genetically proxied TNFR1

inhibition reduces the risk of periodontitis using a drug target MR

approach. Our current findings are derived from a robust study

design using the largest GWAS summary data but failed to show an

effect of TNFR1 inhibition on reducing periodontitis risk.

During periodontal inflammation the periodontal pathogens or

their products translocate into the blood circulation to induce the

bone marrow resulting in innate immune training of hematopoietic

stem and progenitor cells and leading to a hyper-responsiveness of

neutrophils. Studies have shown that therapeutic modulation of

neutrophil-mediated inflammation represent a plausible therapeutic

target for periodontitis treatment (39). Our analysis proxied the

inhibition of neutrophils’ since neutrophil-released mediators of

inflammatory tissue damage (e.g. elastase, proteinase 3,

myeloperoxidase, and matrix metalloproteinases) modulate the

activity of proinflammatory cytokines such as TNF, and

interleukins (IL-1b, IL-6, and IL-23). A recent drug target MR

method found that the downregulation of IL-6 signaling was

associated with reduced odds of periodontitis (40), but our analysis

did not find a similar effect for TNFR1 inhibition.

Evidence from our MR study is inconsistent with results from

cohort studies that aimed to study if TNF inhibitors improve

periodontal clinical outcomes (10, 15, 16). Patients diagnosed with

periodontal diseases who administered 200 mg of infliximab showed

less bleeding on probing (BOP), lower gingival index (GI) and clinical

attachment loss (CAL), and shallower pocket depth (PD) than
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matched patients and healthy controls (10). Another study that

included 40 patients experiencing severe periodontitis showed that

subjects assigned to TNF inhibitors showed improvements in BOP,

PD, and CAL (15).

It is important to bear in mind that comparing our findings with

those from conventional observational studies must be done with

caution. First, TNF inhibitors used in the clinical setting inhibit the

binding of mTNF and sTNF to both receptors, TNFR1 and TNFR2

(10, 15), but our study indexed the selective inhibition of TNFR1.

Although it is documented that TNF promotes bone resorption and

periodontal disease progression via TNFR1, the non-selective

inhibition of TNFR might block additional inflammatory pathways

that contribute to the efficacy seen in observational studies (5).

Second, there is still limited evidence of the therapeutic efficacy of

TNF inhibitors in patients diagnosed with periodontitis without other

comorbidities. In fact, observational studies that investigated the

association between TNF inhibitors and periodontal clinical

parameters included patients diagnosed with periodontitis along

with inflammatory diseases (10, 15, 16, 41, 42). However, our MR

design infers causal estimates across the general population, not in a

specific subpopulation of patients diagnosed with inflammatory

diseases (e.g., RA). Third, for the treatment of RA, TNF inhibitors

are usually prescribed in combination with disease-modifying anti-

rheumatic drugs that might also have a favorable impact on the

periodontal clinical parameters (43). In addition, there is a

biologically plausible interaction between the two agents (44).

Ignoring this phenomenon, as in the case of previous observational

studies, may bias the results.
TABLE 2 Mendelian randomization estimates for the effect of tumor necrosis factor receptor 1 inhibition on periodontitis risk.

Periodontitis

Exposure OR 95% CI P-value

CRP Wald ratioa 1.57 (0.38;6.46) 0.53

IVWb 0.57 (0.12;2.57) 0.46

IVW using PCAc 0.57 (0.13;2.63) 0.55
fron
CI, confidence interval; CRP, C-reactive protein; IVW, inverse variance weighted; MPV, mean platelet volume; OR, odds ratio; PCA, principal component analysis.
aWald ratio of a single SNP, rs1800693.
bIVW for correlated single nucleotide polymorphisms (SNPs) utilized Wald ratios of 3 SNPs (rs767455, rs4149570, and rs4149577).
cIVW using principal components analyses assumed correlated SNPs and are based on Mendelian randomization models of 2 principal components derived from the genetic associations of 3
correlated SNPs (rs767455, rs4149570, and rs4149577).
TABLE 1 Descriptive information on the TNFRSF1A variants analyzed in the study and their associations with inflammatory markers and disease outcomes.

Instrumental variables rs1800693a rs767455b rs4149570b rs4149577b

Frequency of EAc 0.574 0.571 0.374 0.528

F-statistic 118.805 98.010 54.020 81.996

Associations with the inflammatory marker, b (SE), p-value

C-reactive protein 0.022 (0.002), 9.56e-27 0.020 (0.002), 2.39e-22 0.015 (0.002), 5.23e-13 0.018 (0.002), 9.60e-19

Associations with the outcome, b (SE), p-value

Periodontitis 0.010 (0.016), 0.530 0.013 (0.016), 0.405 0.004 (0.016), 0.799 0.006 (0.015), 0.685
EA, effect allele; NEA, non-effect allele.
aSNP used in our primary analysis for the Wald ratio estimation.
bSNPs used in our secondary analysis for causal estimation from the multiplicative fixed-effects model and the principle component analysis method.
cBased on allele frequency reported by the genome-wide association studies of C-reactive protein. Single nucleotide polymorphisms were labeled with respect to GRCh37 reference coordinates.
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Additionally, similar to our findings, results from a systematic

review failed to demonstrate convincing protective effects of TNF

inhibitors on periodontal parameters (18). TNF inhibitors are usually

prescribed for a specific time period, whereas our study aimed to

reveal long-term effect of the blockage of TNFR1 on the risk of

periodontitis. Thus, our null results could be either a true lack of

efficacy or an average of opposing effects. This phenomenon is of

clinical relevance since the treatment duration of TNF inhibitors can

be a significant factor that influences the clinical outcomes in

periodontal diseases. A systematic review showed contradictory

periodontal clinical outcomes depending on the duration of

treatment of TNF inhibitors (17). At a follow-up of 6 weeks,

patients receiving (infliximab, etanercept, or adalimumab) showed

improvements in BOP, GI, and CAL (15, 41). Additional periodontal

parameters were improved in a longitudinal study when longer

treatment duration was observed (up to 6 months) (16). However,

treatment for more than 9 months was associated with higher GI and

BOP values (42). This discrepancy can be attributed to patient’s

noncompliance or secondary loss of response. The latter scenario is a

common observation during the treatment with TNF inhibitors,

where the host produces antidrug antibodies, thus halting the

impact of the medication (45).

Given the disproportionate burden of periodontitis, a growing body

of literature investigates the potential efficacy of immunomodulatory

treatments, including TNF inhibitors, in periodontal diseases (46);

however, drug development remains hindered by the high cost and

failure rates. The creation of drug repurposing methods, like cis-MR

methods, helps in selecting promising therapeutic candidates for further

study in clinical trials. Limitations to this study need tobe acknowledged.

First, our analysis was based on few genetic IVs. Second, GWAS utilized

in our study were conducted on participants of European ancestry; thus,

our null results may not be generalizable to other ethnicities.

In conclusion, this instrumental variable analysis failed to find

evidence to support the clinical efficacy of TNF inhibitors in reducing

the risk of periodontitis. We anticipate that triangulation of evidence

from genetics, observational research and clinical trials will elucidate

the role of TNF inhibitors in periodontitis. Future work on alternative

cytokines or targets of the neutrophil-mediated inflammation may

propose drug candidates that alleviate periodontal diseases and

prevent periodontitis associated comorbidities.
Frontiers in Immunology 05
Data availability statement

Publicly available datasets were analyzed in this study. This data can be

found here: The CRPGWASwas obtained through https://gwas.mrcieu.ac.

uk/datasets/ieu-b-35/. The periodontitis summary data are available at

https://data.bris.ac.uk/data/dataset/2j2rqgzedxlq02oqbb4vmycnc2.
Author contributions

Conception and design, ZA and MN. Development of

methodology, ZA, S-EB, HB, and MN. Analysis and interpretation

of data (e.g., statistical analysis, biostatistics, computational analysis),

ZA, S-EB, SR, and MN. Writing, review, and/or revision of the

manuscript, ZA, S-EB, SR, BH, TK, HB, BE, and MN. Administrative,

technical, or material support (i.e., reporting or organizing data,

constructing databases), ZA. All authors contributed to the article and

approved the submitted version.
Acknowledgments

The authors acknowledge and thank the investigators of the

original GWAS studies for sharing summary data used in this study.
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.
References
1. Hajishengallis G, Chavakis T. Local and systemic mechanisms linking periodontal
disease and inflammatory comorbidities. Nat Rev Immunol (2021) 21:426–40. doi:
10.1038/s41577-020-00488-6

2. Aggarwal BB. Signalling pathways of the TNF superfamily: a double-edged sword.
Nat Rev Immunol (2003) 3(9):745–56. doi: 10.1038/nri1184

3. Black RA, Rauch CT, Kozlosky CJ, Peschon JJ, Slack JL, Wolfson MF, et al. A
metalloproteinase disintegrin that releases tumour-necrosis factor-alpha from cells.
Nature (1997) 385(6618):729–33. doi: 10.1038/385729a0

4. Fischer R, Kontermann RE, Pfizenmaier K. Selective targeting of TNF receptors as a
novel therapeutic approach. Front Cell Dev Biol (2020) 8:401. doi: 10.3389/
fcell.2020.00401

5. Kitaura H, Marahleh A, Ohori F, Noguchi T, Nara Y, Pramusita A, et al. Role of the
interaction of tumor necrosis factor-a and tumor necrosis factor receptors 1 and 2 in
bone-related cells. Int J Mol Sci (2022) 23(3):1481. doi: 10.3390/ijms23031481
6. Cao Y, Jansen IDC, Sprangers S, de VTJ, Everts V. TNF-a has both stimulatory and
inhibitory effects on mouse monocyte-derived osteoclastogenesis. J Cell Physiol (2017) 232
(12):3273–85. doi: 10.1002/jcp.26024

7. Madureira DF, De Abreu Lima L, Izabella, Costa GC, Lages EMB, Martins CC, et al.
Tumor necrosis factor-alpha in gingival crevicular fluid as a diagnostic marker for
periodontal diseases: A systematic review. J Evidence Based Dental Pract (2018) 18
(4):315–31. doi: 10.1016/j.jebdp.2018.04.001

8. Frodge BD, Ebersole JL, Kryscio RJ, Thomas MV, Miller CS. Bone remodeling
biomarkers of periodontal disease in saliva. J Periodontol (2008) 79:1913–9. doi: 10.1902/
jop.2008.080070

9. Gomes FIF, Aragão MGB, Barbosa FCB, Bezerra MM, de Paulo Teixeira Pinto V,
Chaves HV. Inflammatory cytokines interleukin-1b and tumour necrosis factor-a - novel
biomarkers for the detection of periodontal diseases: A literature review. J Oral Maxillofac
Res (2016) 7:e2. doi: 10.5037/jomr.2016.7202
frontiersin.org

https://gwas.mrcieu.ac.uk/datasets/ieu-b-35/
https://gwas.mrcieu.ac.uk/datasets/ieu-b-35/
https://data.bris.ac.uk/data/dataset/2j2rqgzedxlq02oqbb4vmycnc2
https://doi.org/10.1038/s41577-020-00488-6
https://doi.org/10.1038/nri1184
https://doi.org/10.1038/385729a0
https://doi.org/10.3389/fcell.2020.00401
https://doi.org/10.3389/fcell.2020.00401
https://doi.org/10.3390/ijms23031481
https://doi.org/10.1002/jcp.26024
https://doi.org/10.1016/j.jebdp.2018.04.001
https://doi.org/10.1902/jop.2008.080070
https://doi.org/10.1902/jop.2008.080070
https://doi.org/10.5037/jomr.2016.7202
https://doi.org/10.3389/fimmu.2023.1094175
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Alayash et al. 10.3389/fimmu.2023.1094175
10. Mayer Y, Balbir-Gurman A, Machtei EE. Anti-tumor necrosis factor-alpha therapy
and periodontal parameters in patients with rheumatoid arthritis. J Periodontol (2009) 80
(9):1414–20. doi: 10.1902/jop.2009.090015

11. Tonetti MS, Greenwell H, Kornman KS. Staging and grading of periodontitis:
Framework and proposal of a new classification and case definition. J Periodontol (2018)
89 Suppl 1:S159–72. doi: 10.1002/JPER.18-0006

12. Arias-Bujanda N, Regueira-Iglesias A, Balsa-Castro C, Nibali L, Donos N, Tomás I.
Accuracy of single molecular biomarkers in gingival crevicular fluid for the diagnosis of
periodontitis: A systematic review and meta-analysis. J Clin Periodontol (2019) 46
(12):1166–82. doi: 10.1111/jcpe.13188

13. Jang D-I, Lee A-H, Shin H-Y, Song H-R, Park J-H, Kang T-B, et al. The role of
tumor necrosis factor alpha (TNF-a) in autoimmune disease and current TNF-a
inhibitors in therapeutics. Int J Mol Sci (2021) 22(5):2719. doi: 10.3390/ijms22052719

14. Sakunrangsit N, Metheepakornchai P, Kumpunya S, Greenblatt MB, Leelahavanichkul
A, Pisitkun P, et al. Etanercept prevents TNF-amediated mandibular bone loss in FcgRIIb-/-
lupus model. PloS One (2021) 16(4):e0250215. doi: 10.1371/journal.pone.0250215

15. Ortiz P, Bissada NF, Palomo L, Han YW, Al-Zahrani MS, Panneerselvam A, et al.
Periodontal therapy reduces the severity of active rheumatoid arthritis in patients treated
with or without tumor necrosis factor inhibitors. J Periodontol (2009) 80(4):535–40. doi:
10.1902/jop.2009.080447

16. Kobayashi T, Yokoyama T, Ito S, Kobayashi D, Yamagata A, Okada M, et al.
Periodontal and serum protein profiles in patients with rheumatoid arthritis treated with
tumor necrosis factor inhibitor adalimumab. J Periodontol (2014) 85(11):1480–8. doi:
10.1902/jop.2014.140194

17. Zamri F, de Vries TJ. Use of TNF inhibitors in rheumatoid arthritis and
implications for the periodontal status: For the benefit of both? Front Immunol (2020)
11:591365. doi: 10.3389/fimmu.2020.591365

18. Han JY, Reynolds MA. Effect of anti-rheumatic agents on periodontal parameters
and biomarkers of inflammation: a systematic review and meta-analysis. J Periodontal
Implant Sci (2012) 42(1):3–12. doi: 10.5051/jpis.2012.42.1.3

19. Laine ML, Loos BG, Crielaard W. Gene polymorphisms in chronic periodontitis.
Int J Dent (2010) 2010:324719. doi: 10.1155/2010/324719

20. Liu X, Li H. A systematic review and meta-analysis on multiple cytokine gene
polymorphisms in the pathogenesis of periodontitis. Front Immunol (2021) 12:713198.
doi: 10.3389/fimmu.2021.713198

21. Heidari Z, Moudi B, Mahmoudzadeh-Sagheb H. Immunomodulatory factors gene
polymorphisms in chronic periodontitis: an overview. BMC Oral Health (2019) 19(1):29.
doi: 10.1186/s12903-019-0715-7

22. Burgess S, Davey Smith G, Davies NM, Dudbridge F, Gill D, Glymour MM, et al.
Guidelines for performing mendelian randomization investigations. Wellcome Open Res
(2019) 4:186. doi: 10.12688/wellcomeopenres.15555.1

23. Swanson SA, Labrecque J, Hernán MA. Causal null hypotheses of sustained
treatment strategies: What can be tested with an instrumental variable? Eur J Epidemiol
(2018) 33(8):723–8. doi: 10.1007/s10654-018-0396-6

24. Schmidt AF, Finan C, Gordillo-Marañón M, Asselbergs FW, Freitag DF, Patel RS,
et al. Genetic drug target validation using mendelian randomisation. Nat Commun (2020)
11(1):3255. doi: 10.1038/s41467-020-16969-0

25. Walker VM, Davey Smith G, Davies NM, Martin RM. Mendelian randomization: a
novel approach for the prediction of adverse drug events and drug repurposing
opportunities. Int J Epidemiol (2017) 46(6):2078–89. doi: 10.1093/ije/dyx207

26. Swerdlow DI, Kuchenbaecker KB, Shah S, Sofat R, Holmes MV, White J, et al.
Selecting instruments for mendelian randomization in the wake of genome-wide
association studies. Int J Epidemiol (2016) 45(5):1600–16. doi: 10.1093/ije/dyw088

27. Ridker PM, Rane M. Interleukin-6 signaling and anti-Interleukin-6 therapeutics in
cardiovascular disease. Circ Res (2021) 128(11):1728–46. doi: 10.1161/CIRCRESAHA.
121.319077

28. Zhang J, Xu C, Gao L, Zhang D, Li C, Liu J. Influence of anti-rheumatic agents on the
periodontal condition of patients with rheumatoid arthritis and periodontitis: A systematic
review and meta-analysis. J Periodontal Res (2021) 56(6):1099–115. doi: 10.1111/jre.12925
Frontiers in Immunology 06
29. Rosen MJ, Minar P, Vinks AA. Review article: Applying pharmacokinetics to
optimise dosing of anti-TNF biologics in acute severe ulcerative colitis. Aliment
Pharmacol Ther (2015) 41(11):1094–103. doi: 10.1111/apt.13175

30. Gregory AP, Dendrou CA, Attfield KE, Haghikia A, Xifara DK, Butter F, et al. TNF
receptor 1 genetic risk mirrors outcome of anti-TNF therapy in multiple sclerosis. Nature
(2012) 488:508–11. doi: 10.1038/nature11307

31. Kang X, Jiao T, Wang H, Pernow J, Wirdefeldt K. Mendelian randomization study
on the causal effects of tumor necrosis factor inhibition on coronary artery disease and
ischemic stroke among the general population. EBioMedicine (2022) 76:103824. doi:
10.1016/j.ebiom.2022.103824

32. Kang X, Ploner A, Pedersen NL, Bandres-Ciga S, Noyce AJ, Wirdefeldt K, et al.
Tumor necrosis factor inhibition and Parkinson disease: A mendelian randomization
study. Neurology (2021) 96(12):e1672–9. doi: 10.1212/WNL.0000000000011630

33. Said S, Pazoki R, Karhunen V, Võsa U, Ligthart S, Bodinier B, et al. Genetic
analysis of over half a million people characterises c-reactive protein loci. Nat Commun
(2022) 13(1):2198. doi: 10.1038/s41467-022-29650-5

34. Shungin D, Haworth S, Divaris K, Agler CS, Kamatani Y, Keun Lee M, et al.
Genome-wide analysis of dental caries and periodontitis combining clinical and self-
reported data. Nat Commun (2019) 10:2773. doi: 10.1038/s41467-019-10630-1

35. Sanderson E, Glymour MM, Holmes MV, Kang H, Morrison J, Munafò MR, et al.
Mendelian randomization. Nat Rev Methods Primers (2022) 2(1):6. doi: 10.1038/s43586-
021-00092-5

36. Burgess S, Scott RA, Timpson NJ, Davey Smith G, Thompson SG. Using published
data in mendelian randomization: a blueprint for efficient identification of causal risk
factors. Eur J Epidemiol (2015) 30(7):543–52. doi: 10.1007/s10654-015-0011-z

37. Burgess S, Dudbridge F, Thompson SG. Combining information on multiple
instrumental variables in mendelian randomization: comparison of allele score and
summarized data methods. Stat Med (2016) 35(11):1880–906. doi: 10.1002/sim.6835

38. Burgess S, Zuber V, Valdes-Marquez E, Sun BB, Hopewell JC. Mendelian
randomization with fine-mapped genetic data: Choosing from large numbers of
correlated instrumental variables. Genet Epidemiol (2017) 41(8):714–25. doi: 10.1002/
gepi.22077

39. Hajishengallis G, Chavakis T. Mechanisms and therapeutic modulation of
neutrophil-mediated inflammation. J Dent Res (2022) 101(13):1563–71. doi: 10.1177/
00220345221107602

40. Nolde M, Alayash Z, Reckelkamm SL, Kocher T, Ehmke B, Holtfreter B, et al.
Genotype-driven downregulation of interleukin 6 signaling and periodontitis. (2022).
doi: 10.1101/2022.12.22.22283849

41. Kadkhoda Z, Amirzargar A, Esmaili Z, Vojdanian M, Akbari S. Effect of TNF-a
blockade in gingival crevicular fluid on periodontal condition of patients with rheumatoid
arthritis. Iran J Immunol (2016) 13(3):197–203.

42. Pers J-O, Saraux A, Pierre R, Youinou P. Anti-TNF-alpha immunotherapy is
associated with increased gingival inflammation without clinical attachment loss in
subjects with rheumatoid arthritis. J Periodontol (2008) 79(9):1645–51. doi: 10.1902/
jop.2008.070616

43. Jung G-U, Han J-Y, Hwang K-G, Park C-J, Stathopoulou PG, Fiorellini JP. Effects
of conventional synthetic disease-modifying antirheumatic drugs on response to
periodontal treatment in patients with rheumatoid arthritis. BioMed Res Int (2018)
2018:1465402. doi: 10.1155/2018/1465402

44. George MD, Baker JF, Ogdie A. Comparative persistence of methotrexate and
tumor necrosis factor inhibitors in rheumatoid arthritis, psoriatic arthritis, and
ankylosing spondylitis. J Rheumatol (2020) 47(6):826–34. doi: 10.3899/jrheum.190299
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