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Abstract: Background: Celiac disease, a gluten-triggered autoimmune disorder, is known for its
systemic inflammatory effects. Its genetic associations with type 2 inflammatory diseases like asthma,
allergic rhinitis, and atopic dermatitis remain unclear, prompting this study to explore their potential
genetic interplay. Methods: Utilizing two-sample Mendelian randomization (TSMR), we examined
the genetic associations using 15 genetic instruments from GWAS datasets. Our analysis focused
on celiac disease and its relation to asthma, allergic rhinitis, atopic dermatitis, and IgE-mediated
food allergies. A power analysis was conducted to determine the study’s detection capabilities, and
odds ratios (ORs) with 95% confidence intervals (CIs) were calculated using various MR methods.
Results: Our Mendelian randomization analysis identified statistically significant genetic associations
between celiac disease and several type 2 inflammatory diseases, although these were practically
insignificant. Specifically, celiac disease was associated with a slight increase in the risk of atopic
dermatitis (OR = 1.037) and a minor protective effect against asthma (OR = 0.97). The link with
allergic rhinitis was statistically detectable (OR = 1.002) but practically negligible. Despite robust
statistical confirmation through various sensitivity analyses, all observed effects remained within
the range of practical equivalence (ROPE). Conclusions: Our study identifies potential genetic
associations between celiac disease and certain type 2 inflammatory diseases. However, these
associations, predominantly within the ROPE range, suggest only limited clinical implications. These
findings highlight the need for cautious interpretation and indicate that further exploration for clinical
applications may not be warranted at this stage.

Keywords: celiac disease; type 2 inflammatory diseases; mendelian randomization; genetic associations;
asthma; allergic rhinitis; atopic dermatitis

1. Introduction

Celiac disease (CD) is an autoimmune disorder activated by gluten in genetically pre-
disposed individuals [1,2]. It is characterized by inflammation in the small intestine, which
can result in the malabsorption of nutrients [2]. It is associated with systemic inflammatory
responses that resemble features seen in type 2 inflammatory diseases, such as asthma,
allergic rhinitis, and atopic dermatitis [3]. These conditions share chronic inflammatory
processes and dysregulated immune responses to environmental triggers [4,5].

The genetic landscape of CD includes HLA-DQ alleles, notably DQ2 and DQ8, essential
for disease pathogenesis and also implicated in various immune-mediated diseases [6,7].
This genetic link extends to Selective IgA Deficiency (SIgAD), the most common primary
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immunodeficiency, which frequently co-occurs with CD [8]. Patients with SIgAD often
exhibit allergic manifestations, and studies have highlighted a genetic connection between
SIgAD and CD, particularly through the HLA-DQB1*02 allele [9,10]. This overlap suggests
that SIgAD might provide additional insights into the genetic interplay between CD and
Th2-mediated allergic diseases [11].

Further, both CD and type 2 inflammatory diseases involve T-helper cell type 2
(Th2)-mediated pathways, critical for allergic responses and some systemic effects of
CD [12]. In addition, research indicates the coexistence of Th1/Th17 and Th2 immune
responses in CD [13,14], with findings suggesting the elevated incidence of asthma and
other immune-mediated diseases in CD patients regardless of their adherence to a gluten-
free diet [15]. Such data highlight the complex interplay of immune responses, significantly
more prevalent in CD patients compared to the general population [14], and previous
research has often been limited to observational studies, which cannot determine directional
causality [16,17].

Two-sample Mendelian randomization (TSMR) is an analytical approach that uses
genetic variants as instruments to estimate the causal effect of an exposure on an outcome.
This method has the power to mitigate confounding and reverse causation, two common
issues in observational studies, by leveraging the random allocation of alleles at conception.
Thus, TSMR can provide more reliable evidence of a causal association than traditional
epidemiological studies [18].

To address these complex interactions, our study employs TSMR to explore the genetic
associations between CD and type 2 inflammatory diseases. We aim to determine whether
these genetic links uncover clinically relevant pathways that could enhance the diagnostic
and therapeutic strategies.

2. Methods
2.1. Data Sources

Our study sourced genome-wide association study (GWAS) datasets for celiac disease,
asthma, allergic rhinitis, IgE-mediated food allergies, and atopic dermatitis from the MR-
Base platform. These case–control studies focused primarily on individuals of European
ancestry to ensure a genetically homogeneous sample for effective statistical analysis.

2.2. Instrumental Variable Selection

Instrumental variables (IVs) were selected from single-nucleotide polymorphisms
(SNPs) that reached genome-wide significance (p < 5.0 × 10−8). To minimize bias due to
linkage disequilibrium (LD), SNPs were clumped with an r2 < 0.001 within a 10,000 kb
window. The selected IVs from the GWAS datasets for each health outcome were rigorously
documented, detailing the effect alleles, betas, standard errors, and p-values. The strength
of each IV was quantified by the F-statistic, with values exceeding 10 signifying adequate
instrument strength.

2.3. Research Design Assumptions

Our Mendelian randomization (MR) analysis was predicated on three critical assump-
tions [19] (Figure 1):

1. The IVs are significantly associated with the exposure (celiac disease).
2. The IVs are not associated with any confounders of the exposure–outcome relationship.
3. The IVs affect the outcomes exclusively through their impact on the exposure.
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Figure 1. Mendelian randomization (MR) analysis workflow and assumptions. This flowchart
depicts the workflow of a Mendelian randomization (MR) analysis evaluating the genetic associations
between celiac disease and type 2 inflammatory diseases, starting with GWAS data. It includes steps
from data clumping and harmonization to MR analysis, emphasizing the key assumptions required
for the validation of the causal inferences. The process concludes with sensitivity, pleiotropy, and
heterogeneity tests to ensure the robustness of the results.

2.4. Statistical Analysis

In our Mendelian randomization (MR) analysis, we harmonized the SNP effects on
celiac disease and type 2 inflammatory diseases using MRBase, ensuring allele consistency.
Our two-sample MR approach encompassed multiple methodologies: the primary inverse
variance weighted (IVW) method integrated SNP data to estimate causal effects, while
the weighted median, MR Egger, simple mode, and weighted mode analyses provided
supplementary insights, including checks for horizontal pleiotropy. The sensitivity and
robustness of our results were verified through leave-one-out and MR Steiger tests, the
latter confirming the temporality of the genetic relationship. Incorporating the MR-PRESSO
tool allowed us to detect and adjust for outliers. Power calculations assessed our sample’s
sufficiency, as outlined by Brion et al. [20] (available at https://shiny.cnsgenomics.com/
mRnd/, accessed on 29 February 2024). All statistical procedures were performed via the
MRBase web application [21] and R (Version 2023.03.0+386), utilizing the TwoSampleMR
and MR-PRESSO packages, using an alpha of 0.05 to define statistical significance. We
integrated the region of practical equivalence (ROPE) into our analysis to assess the practical
significance alongside the statistical significance. The ROPE thresholds were set at an OR
between 0.835 and 1.197, based on the standardized effect size criteria recommended by

https://shiny.cnsgenomics.com/mRnd/
https://shiny.cnsgenomics.com/mRnd/
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Kruschke et al. (2018) [22]. This analysis aimed to identify effects within this range as
practically negligible, providing a clearer distinction between clinically meaningful and
trivial findings.

3. Results
3.1. Genetic Instrumentation and Sample Characteristics

In our Mendelian randomization (MR) analysis, we used 15 genetic instruments from
GWAS data to investigate the associations between celiac disease (ID: ieu-a-1058, sample
size: 24,267) and three type 2 inflammatory diseases: atopic dermatitis, asthma, and allergic
rhinitis and IgE-mediated food allergied. The GWAS dataset for atopic dermatitis (ID:
ebi-a-GCST90027161, sample size: 796,661) included 16,121,213 SNPs, reported by Sliz E
et al., 2021 [23]. The asthma (ID: ebi-a-GCST90018795, sample size: 449,500) and allergic
rhinitis and IgE-mediated food allergy (ID: ebi-a-GCST90038664, sample size: 484,598, ID:
ebi-a-GCST90018625, sample size: 169,716, respectively) datasets were obtained from the
studies by Sakaue S et al., 2021 [24] and Dönertaş HM et al., 2021 [25], respectively.

3.2. Association Analyses
3.2.1. Celiac Disease and Atopic Dermatitis

Using the inverse variance weighted (IVW) method, we identified a statistically signifi-
cant positive genetic association between celiac disease and atopic dermatitis, with an OR of
1.037 (95% CI: 1.015–1.059). This suggests a modest increase in the risk of atopic dermatitis
associated with celiac disease. However, when considering the ROPE range of [−0.18, 0.18]
for log odds ratios, the practical significance of this effect is called into question, as the effect
size does not exceed the ROPE thresholds. The MR Egger intercept showed no evidence
of pleiotropy (p = 0.545), with moderate heterogeneity observed (Q = 27.58, p = 0.016). An
additional MR-PRESSO analysis corroborated the initial findings, although adjustments
for the identified outliers (indices 8 and 14) did not significantly alter the causal estimates
(distortion test p = 0.246) (Figures 2 and 3).
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Figure 2. Scatter plot of SNP effects via MR Egger and inverse variance weighted analyses.

This figure displays the effects of individual SNPs on CD and three type 2 inflamma-
tory diseases: atopic dermatitis, asthma, and allergic rhinitis. Each plot shows the estimated
effect sizes and 95% confidence intervals for each SNP, with MR Egger and IVW analyses.
The red diamond represents the overall effect estimate using IVW. The figure highlights the
consistency and variability in the SNP effects across different analyses.

This figure shows the SNP effect sizes on CD and three type 2 inflammatory diseases
using different MR methods: inverse variance weighted (IVW), MR Egger, the weighted
median, and the weighted mode. Each plot illustrates the relationship between the SNP
effects on CD (x-axis) and those on atopic dermatitis, asthma, and allergic rhinitis (y-axis).
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The lines represent the estimated effects for each MR method. This comparison highlights
the consistency and differences in the effect size estimates across the various methods.
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3.2.2. Celiac Disease and Asthma

Our MR analysis suggested a slightly protective effect of celiac disease against asthma,
indicated by an OR of 0.97 (95% CI: 0.96–0.98), using the weighted median method. De-
spite the statistical significance, the effect size lies within the established ROPE range,
indicating that this association may lack practical relevance. The MR Egger analysis found
no significant association (β = −0.0067, p = 0.785), and substantial heterogeneity was
present (Q = 120.26, p < 0.001). The MR-PRESSO analysis showed a non-significant causal
estimate, confirming the minimal practical impact of the findings (β = 0.0032, p = 0.840)
(Figures 2 and 3).

3.2.3. Celiac Disease and Allergic Rhinitis

We observed a very small yet statistically significant association between celiac disease
and allergic rhinitis, with an OR of 1.002 (95% CI: 1.0004–1.0032), via the IVW method.
Despite the statistical significance, the effect size is well within the ROPE range, suggesting
negligible practical significance. Notable heterogeneity was present (Q = 57.33, p < 0.001),
with no pleiotropy detected by the MR Egger intercept (p = 0.627). The robustness of these
findings was further supported by the MR-PRESSO analysis, although the distortion test
indicated a minimal impact from outliers (p = 0.715) (Figures 2 and 3).

3.2.4. CD and IgE-Mediated Food Allergy

The GWAS database ID ebi-a-GCST90018625 was used, which includes individu-
als with various food allergies but does not specify the types due to database limita-
tions, and no significant correlation was found. The OR was close to 1 (OR = 1.006,
p-value = 0.745). Confirmatory tests using the MR Egger, weighted median, and IVW meth-
ods supported the lack of association (MR Egger OR = 0.993, p-value = 0.808; weighted
median OR = 1.004, p-value = 0.846; IVW OR = 1.006, p-value = 0.745). The heterogeneity
tests and MR-PRESSO analysis showed no significant pleiotropy or heterogeneity (Eg-
ger intercept = 0.008, p-value = 0.537), reinforcing the consistency of these findings across
different statistical methods.

3.3. Causal Directionality Testing

Causal directionality testing using the MR Steiger approach confirmed that genetic
variants associated with celiac disease precede type 2 inflammatory diseases, reinforcing
the causality (Steiger p-value effectively zero for all outcomes). The sensitivity analyses,
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including leave-one-out and publication bias assessments, showed stable and unbiased
results. However, the practical significance of these findings is limited as the effects fall
within the ROPE range, indicating negligible clinical relevance (Figures 4 and 5).
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estimate using all SNPs. The analysis ensures that no single SNP disproportionately influences the
overall effect, confirming the robustness of our results.
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results are not disproportionately influenced by small-study effects or selective reporting.

4. Discussion

In our TSMR study, we explored the genetic links between CD and three type 2
inflammatory diseases: atopic dermatitis, asthma, and IgE-mediated food allergies and
allergic rhinitis. We found statistically significant associations—an increased risk for atopic
dermatitis and allergic rhinitis, a protective effect against asthma, and a non-significant
association with IgE-mediated food allergies. However, all observed effects fell within
the predefined ROPE range, indicating their lack of clinical significance. This suggests
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that the hypothesized pathophysiological links between celiac disease and type 2 inflam-
matory conditions are not substantiated by our data, prompting a reevaluation of their
clinical implications.

Our study uncovers intriguing genetic links between CD and type 2 inflammatory
diseases, although the clinical implications of these findings remain limited. The involve-
ment of HLA region variants and regulatory T cells could imply sophisticated genetic
interactions influencing the immune responses [16]. However, the clinical relevance of
these interactions is not clearly established, limiting their utility in developing therapies
based on shared genetic pathways.

The association of specific HLA Class I allelic variations with atopic dermatitis suggests
a complex genetic framework that might explain the statistically significant genetic link
observed [26–28]. Despite this genetic link, the translation of these findings into clinical
practice requires additional validation. Similarly, while HLA-DQB1 gene polymorphisms
could indicate a relationship with allergic rhinitis [29,30], our data do not confirm a clinically
significant connection.

Our findings could align with some evidence in the literature, such as that of Kero
et al., who showed that predominantly Th1 and predominantly Th2 diseases can coexist,
and Imperatore et al., who found that immune-mediated diseases in celiac patients in-
crease over time regardless of their adherence to a gluten-free diet [13,15]. However, the
clinical relevance of these genetic associations, as stated earlier, is still questionable. A
possible explanation is the link between SIgAD, associated with CD, and allergic diseases,
including type 2 inflammatory conditions [8,9,11]. This dual connection suggests a genetic
predisposition. Our TSMR analysis assessed for pleiotropy to ensure the causal relationship
between CD and type 2 inflammatory diseases without intermediary connections, but this
association could still influence the observed interplay.

One of the key strengths of our study is the use of two-sample Mendelian random-
ization (TSMR), a method that robustly infers causal relationships and addresses the
confounding and reverse causation common in observational studies [18]. Our findings are
reinforced by extensive GWAS datasets and a variety of MR techniques, such as IVW, MR
Egger, and the weighted median, further supported by sensitivity analyses and the MR
Steiger test [31]. Nonetheless, our study’s reliance on data primarily from individuals of
European ancestry may limit its generalizability [32]. Additionally, the potential for resid-
ual pleiotropy and the exclusion of environmental and lifestyle factors from our analysis
could affect the comprehensiveness of our conclusions. Furthermore, the sample size and
power of the MR analysis depend on the strength of the genetic instruments; the limited
sample sizes for some conditions could reduce the ability to detect true causal effects.

5. Conclusions

Our study identifies a tentative genetic connection between CD and type 2 inflamma-
tory diseases, suggesting potential shared immunopathological pathways. Nonetheless,
the results, largely falling within the ROPE range, underscore a lack of clinical significance.
While these subtle genetic associations may provoke further interest in their underlying
biological mechanisms, they currently do not provide a robust basis for the advancement
of clinical interventions.

Author Contributions: Conceptualization, M.O. (Mahmud Omar), A.L. and K.S.; Validation, M.O.
(Mahmud Omar), M.O. (Mohammad Omar), S.N. and A.L.; Formal analysis, M.O. (Mahmud Omar);
Writing—original draft, M.O. (Mahmud Omar); Writing—review & editing, M.O. (Mahmud Omar),
M.O. (Mohammad Omar), S.N., A.L. and K.S.; Visualization, M.O. (Mahmud Omar) and M.O.
(Mohammad Omar); Supervision, K.S.; Project administration, K.S. All authors have read and agreed
to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Biomedicines 2024, 12, 1429 8 of 9

Data Availability Statement: The data presented in this study were derived from the following
resources available in the public domain: GWAS (https://www.ebi.ac.uk/gwas/).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Rubio-Tapia, A.; Hill, I.D.; Kelly, C.P.; Calderwood, A.H.; Murray, J.A. ACG Clinical Guidelines: Diagnosis and Management of

Celiac Disease. Am. J. Gastroenterol. 2013, 108, 656–676. [CrossRef] [PubMed]
2. Caio, G.; Volta, U.; Sapone, A.; Leffler, D.A.; De Giorgio, R.; Catassi, C.; Fasano, A. Celiac disease: A comprehensive current

review. BMC Med. 2019, 17, 142. [CrossRef] [PubMed]
3. Laurikka, P.; Nurminen, S.; Kivelä, L.; Kurppa, K. Extraintestinal Manifestations of Celiac Disease: Early Detection for Better

Long-Term Outcomes. Nutrients 2018, 10, 1015. [CrossRef] [PubMed]
4. Itamura, M.; Sawada, Y. Involvement of Atopic Dermatitis in the Development of Systemic Inflammatory Diseases. Int. J. Mol.

Sci. 2022, 23, 13445. [CrossRef] [PubMed]
5. Caminati, M.; Pham DLe Bagnasco, D.; Canonica, G.W. Type 2 immunity in asthma. World Allergy Organ. J. 2018, 11, 13. [CrossRef]

[PubMed]
6. Megiorni, F.; Pizzuti, A. HLA-DQA1 and HLA-DQB1 in Celiac disease predisposition: Practical implications of the HLA molecular

typing. J. Biomed. Sci. 2012, 19, 88. [CrossRef]
7. Nilsen, E.M.; Lundin, K.E.; Krajci, P.; Scott, H.; Sollid, L.M.; Brandtzaeg, P. Gluten specific, HLA-DQ restricted T cells from coeliac

mucosa produce cytokines with Th1 or Th0 profile dominated by interferon gamma. Gut 1995, 37, 766–776. [CrossRef]
8. Cinicola, B.L.; Pulvirenti, F.; Capponi, M.; Bonetti, M.; Brindisi, G.; Gori, A.; De Castro, G.; Anania, C.; Duse, M.; Zicari, A.M.

Selective IgA Deficiency and Allergy: A Fresh Look to an Old Story. Medicina 2022, 58, 129. [CrossRef] [PubMed]
9. Abdukhakimova, D.; Ibrayeva, M.; Dossybayeva, K.; Turganbekova, A.; Zhanzakova, Z.; Abdrakhmanova, S.; McLoone, P.;

Poddighe, D. Total serum IgA levels and HLA-DQB1*02:01 allelic status. Immunol. Res. 2024, 72, 167–173. [CrossRef]
10. Poddighe, D.; Capittini, C. The Role of HLA in the Association between IgA Deficiency and Celiac Disease. Dis. Markers 2021,

2021, 8632861. [CrossRef]
11. Pallav, K.; Xu, H.; Leffler, D.A.; Kabbani, T.; Kelly, C.P. Immunoglobulin A deficiency in celiac disease in the United States.

J. Gastroenterol. Hepatol. 2016, 31, 133–137. [CrossRef] [PubMed]
12. Lahat, N.; Shapiro, S.; Karban, A.; Gerstein, R.; Kinarty, A.; Lerner, A. Cytokine Profile in Coeliac Disease. Scand. J. Immunol. 1999,

49, 441–447. [CrossRef] [PubMed]
13. Kero, J.; Gissler, M.; Hemminki, E.; Isolauri, E. Could TH1 and TH2 diseases coexist? Evaluation of asthma incidence in children

with coeliac disease, type 1 diabetes, or rheumatoid arthritis: A register study. J. Allergy Clin. Immunol. 2001, 108, 781–783.
[CrossRef] [PubMed]

14. Zauli, D.; Grassi, A.; Granito, A.; Foderaro, S.; De Franceschi, L.; Ballardini, G.; Bianchi, F.; Volta, U. Prevalence of silent coeliac
disease in atopics. Dig. Liver Dis. 2000, 32, 775–779. [CrossRef] [PubMed]

15. Imperatore, N.; Rispo, A.; Capone, P.; Donetto, S.; De Palma, G.D.; Gerbino, N.; Rea, M.; Caporaso, N.; Tortora, R. Gluten-free diet
does not influence the occurrence and the Th1/Th17-Th2 nature of immune-mediated diseases in patients with coeliac disease.
Dig. Liver Dis. 2016, 48, 740–744. [CrossRef] [PubMed]

16. Ellul, P.; Vassallo, M.; Montefort, S. Association of asthma and allergic rhinitis with celiac disease. Indian. J. Gastroenterol. 2005, 24,
270–271. [PubMed]

17. Theodoropoulos, D.S.; Kelly, L.E.; Stockdale, C.K. Celiac disease in the context of airborne allergen-associated chronic vulvo-
vaginitis. Eur. Rev. Med. Pharmacol. Sci. 2019, 23, 8084–8086. [PubMed]

18. Minelli, C.; Del Greco, M.F.; van der Plaat, D.A.; Bowden, J.; Sheehan, N.A.; Thompson, J. The use of two-sample methods for
Mendelian randomization analyses on single large datasets. Int. J. Epidemiol. 2021, 50, 1651–1659. [CrossRef] [PubMed]

19. de Leeuw, C.; Savage, J.; Bucur, I.G.; Heskes, T.; Posthuma, D. Understanding the assumptions underlying Mendelian randomiza-
tion. Eur. J. Hum. Genet. 2022, 30, 653–660. [CrossRef]

20. Brion, M.J.A.; Shakhbazov, K.; Visscher, P.M. Calculating statistical power in Mendelian randomization studies. Int. J. Epidemiol.
2013, 42, 1497–1501. [CrossRef]

21. Hemani, G.; Zheng, J.; Elsworth, B.; Wade, K.H.; Haberland, V.; Baird, D.; Laurin, C.; Burgess, S.; Bowden, J.; Langdon, R.;
et al. The MR-Base platform supports systematic causal inference across the human phenome. eLife 2018, 7, e34408. [CrossRef]
[PubMed]

22. Kruschke, J.K. Rejecting or Accepting Parameter Values in Bayesian Estimation. Adv. Methods Pract. Psychol. Sci. 2018, 1, 270–280.
[CrossRef]

23. Sliz, E.; Huilaja, L.; Pasanen, A.; Laisk, T.; Reimann, E.; Mägi, R.; Hannula-Jouppi, K.; Peltonen, S.; Salmi, T.; Koulu, L.; et al.
Uniting biobank resources reveals novel genetic pathways modulating susceptibility for atopic dermatitis. J. Allergy Clin. Immunol.
2022, 149, 1105–1112.e9. [CrossRef] [PubMed]

24. Sakaue, S.; Kanai, M.; Tanigawa, Y.; Karjalainen, J.; Kurki, M.; Koshiba, S.; Narita, A.; Konuma, T.; Yamamoto, K.;
Akiyama, M.; et al. A cross-population atlas of genetic associations for 220 human phenotypes. Nat. Genet. 2021, 53, 1415–1424.
[CrossRef] [PubMed]

https://www.ebi.ac.uk/gwas/
https://doi.org/10.1038/ajg.2013.79
https://www.ncbi.nlm.nih.gov/pubmed/23609613
https://doi.org/10.1186/s12916-019-1380-z
https://www.ncbi.nlm.nih.gov/pubmed/31331324
https://doi.org/10.3390/nu10081015
https://www.ncbi.nlm.nih.gov/pubmed/30081502
https://doi.org/10.3390/ijms232113445
https://www.ncbi.nlm.nih.gov/pubmed/36362231
https://doi.org/10.1186/s40413-018-0192-5
https://www.ncbi.nlm.nih.gov/pubmed/29988331
https://doi.org/10.1186/1423-0127-19-88
https://doi.org/10.1136/gut.37.6.766
https://doi.org/10.3390/medicina58010129
https://www.ncbi.nlm.nih.gov/pubmed/35056437
https://doi.org/10.1007/s12026-023-09420-1
https://doi.org/10.1155/2021/8632861
https://doi.org/10.1111/jgh.13176
https://www.ncbi.nlm.nih.gov/pubmed/26412412
https://doi.org/10.1046/j.1365-3083.1999.00523.x
https://www.ncbi.nlm.nih.gov/pubmed/10219772
https://doi.org/10.1067/mai.2001.119557
https://www.ncbi.nlm.nih.gov/pubmed/11692104
https://doi.org/10.1016/S1590-8658(00)80354-0
https://www.ncbi.nlm.nih.gov/pubmed/11215557
https://doi.org/10.1016/j.dld.2016.03.026
https://www.ncbi.nlm.nih.gov/pubmed/27133207
https://www.ncbi.nlm.nih.gov/pubmed/16424634
https://www.ncbi.nlm.nih.gov/pubmed/31599434
https://doi.org/10.1093/ije/dyab084
https://www.ncbi.nlm.nih.gov/pubmed/33899104
https://doi.org/10.1038/s41431-022-01038-5
https://doi.org/10.1093/ije/dyt179
https://doi.org/10.7554/eLife.34408
https://www.ncbi.nlm.nih.gov/pubmed/29846171
https://doi.org/10.1177/2515245918771304
https://doi.org/10.1016/j.jaci.2021.07.043
https://www.ncbi.nlm.nih.gov/pubmed/34454985
https://doi.org/10.1038/s41588-021-00931-x
https://www.ncbi.nlm.nih.gov/pubmed/34594039


Biomedicines 2024, 12, 1429 9 of 9
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