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Abstract

:

The hyperinflammatory response caused by SARS-CoV-2 infection contributes to its severity, and many critically ill patients show features of cytokine storm (CS) syndrome. We investigated, by next-generation sequencing, 24 causative genes of primary immunodeficiencies whose defect predisposes to CS. We studied two cohorts with extreme phenotypes of SARS-CoV-2 infection: critical/severe hyperinflammatory patients (H-P) and asymptomatic patients (AM-risk-P) with a high risk (older age) to severe COVID-19. To explore inborn errors of the immunity, we investigated the presence of pathogenic or rare variants, and to identify COVID-19 severity-associated markers, we compared the allele frequencies of common genetic polymorphisms between our two cohorts. We found: 1 H-P carries the likely pathogenic variant c.887-2 A>C in the IRF7 gene and 5 H-P carries variants in the MEFV gene, whose role in the pathogenicity of the familial Mediterranean fever (FMF) disease is controversial. The common polymorphism analysis showed three potential risk biomarkers for developing the hyperinflammatory response: the homozygous haplotype rs1231123A/A-rs1231122A/A in MEFV gene, the IFNAR2 p.Phe8Ser variant, and the CARMIL2 p.Val181Met variant. The combined analysis showed an increased risk of developing severe COVID-19 in patients that had at least one of our genetic risk markers (odds ratio (OR) = 6.2 (95% CI) (2.430–16.20)).
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1. Introduction


Coronavirus disease 2019 (COVID-19) is characterized by pneumonia, fever, cough, and occasional diarrhea [1]. The disease presents a wide variability of clinical manifestations, from asymptomatic individuals to critical patients with fatal outcomes. Older age, male sex, and the presence of certain comorbidities (e.g., dyslipidemia, obesity, diabetes, cardiovascular disease…) have been identified as predictors of poor outcomes [2]. An inflammatory response to the virus contributes to the disease severity of COVID-19, with approximately 6% of patients progressing to acute respiratory distress syndrome.



Critically ill COVID-19 patients often showed features suggestive of cytokine storm syndrome (CSS) [2,3]. CSS can be associated with several acquired or genetic diseases where the dysfunction can reside at any level of the cellular pathways. Monogenic autoinflammatory diseases, immune defects that predispose to viral infection, and immune dysregulation diseases are three groups of primary immunodeficiencies (PIDs) that predispose to CS. In autoinflammatory syndromes, the production of proinflammatory cytokines occurs in the absence of any trigger due to hyperactivity of innate immunity, and most of the causative genetic mutations lead to dysregulated inflammasome activity. Patients with susceptibility to viral infection and immune dysregulation genetic disorders show impaired viral control, thus resulting in an incomplete viral clearance that causes prolonged stimulation of the immune system and an uncontrolled release of cytokines [4,5,6].



The exact pathogenesis of secondary CSS is not well understood. Several studies found a high rate of heterozygous mutations in genes associated with primary hemofagocytic lymphohistiocytosis (HLH) in patients that developed secondary CSS. These findings have prompted the consideration of the secondary CSS as a T cell-mediated syndrome in which lymphocyte cytolytic dysfunction results in an amplification of the proinflammatory cytokine cascade, leading to severe tissue damage [7,8]. However, different genetic studies showed that other genetically disrupted pathways result in a similar CSS [9]. Chinn et al. identified pediatric patients who met the HLH-2004 criteria with genetic conditions related to inflammasome activity and viral control infection [9,10].



Uncontrolled hyperinflammation caused by SARS-CoV-2 infection leads to the activation of immunity at the multiorgan level and triggers CSS [11]. Host genetic variation influences the development of critical care requiring illness following SARS-CoV-2 infection. Common variants in the human genome affecting the susceptibility to COVID-19 severity have been successfully identified by Genome-Wide Association Studies (GWAS) [12,13,14]. Zhang et al. identified innate immune inborn errors in 2–3% of critical patients and several groups reported isolated immunodeficiency [15,16,17,18]. However, these variants only explain a small fraction of patients or the association is often related to common non-coding variants. Despite the great effort of the scientific community, the host factors’ contribution to disease development and progression needs to be better understood.



In the present study, we focused on causal genes of PIDs associated with CS, whose functional defect affects signaling pathways involved in inflammation, virus defense, and immune regulation. We took an approach to identify genetic biomarkers using two clinical extreme polarized patient groups of Spanish patients from Majorca Island with SARS-CoV-2 infection: a group of patients with critical hyperinflammatory disease and a control cohort, which was established as a risk group for developing severe disease (on the basis of age over 70) that remained asymptomatic after infection. First, we analyzed if monogenetic immune inborn errors were present in critical patients, and secondly, we identified immune-based genetic biomarkers associated with clinical outcomes. Understanding the biological mechanisms that underlay the hyperinflammatory response against SARS-CoV-2 could also guide towards personalized therapeutic options.




2. Materials and Methods


2.1. Subject Enrollment


We obtained peripheral blood samples from 92 Spanish patients from Majorca Island with a confirmed SARS-CoV-2 viral RNA polymerase-chain-reaction (PCR) test from nasopharyngeal swabs. All enrolled individuals were infected during the first wave and were not vaccinated with SARS-CoV-2. The study was conducted according to the ethical guidelines of the 1975 Declaration of Helsinki and approved by the Balearic Islands Clinical Research Ethics Committee. Written informed consent to have their clinical and genetic information published in medical or scientific journals was obtained from all subjects.



With the objective of finding genetic risk or protective factors related to hyperinflammatory COVID-19, two cohorts with extreme phenotypes of SARS-CoV-2 infection were defined: (1) a hyperinflammatory patients (H-P) cohort and (2) asymptomatic or mild patients (AM-Risk-P) with a high risk (due to older age) of severe COVID-19 as a control cohort (Figure 1a).



The H-P cohort included 52 patients with severe/critical COVID-19 admitted to Son Espases or Son Llatzer Hospitals (Table S1). The severity of signs and symptoms developed during hospitalization was categorized as severe (grade 2) or critical (grade 3). Severe disease was established when dyspnea was associated with a ≥30/min respiratory rate or <93% blood oxygen saturation or <300 partial pressure of arterial oxygen to the fraction of inspired oxygen ratio and/or >50% lung infiltrates within 24 to 48 hours from admission; critical disease was established for cases with respiratory failure, septic shock, and/or multiple organ dysfunction or failure. In addition, severe or critical patients were classified as hyperinflammatory based on a score for the diagnosis of reactive hemophagocytic syndrome (HScore) [19] over 100. None of the subjects had features of PIDs before the hyperinflammatory COVID-19 diagnosis.



Serum levels of IL-6, IL-10, IL-1, IL-1Ra, IL-18, and sIL-2Rα (sCD25) were analyzed in 22 H-P patients during the acute phase of COVID-19 (Table S1).



Forty individuals were included in the AM-Risk-P control cohort that was established as a risk group for developing severe disease (on the basis of age over 70) with patients who were asymptomatic or developed mild disease (Table S2).



All patients were Caucasian with Spanish ancestry, with the exception of three Hispanic patients.




2.2. Next Generation Sequencing (NGS)


We designed a custom multi-gene panel (Agilent SureDesign) covering 24 genes related to different PIDs by the International Union of Immunological Societies Expert Committee [20] (Figure 1b): (1) Autoinflammatory disorders with defects affecting the inflammasome: MEFV, MVK, NLRC4, NLRP12, NLRP1, and NLRP3; (2) defects in immunity with predisposition to viral infection and diseases of immune dysregulation: IRF7, IRF3, IFNAR2, TLR3, TICAM1, TBK1, UNC13D, PRF1, STXBP2, STX11 SLC7A7 CARMIL2/RLTPR, CTPS1, CD70, RASGRP1, XIAP, SH2D1A, and CD27. The designed probes for this panel include all exons and exon-intron boundaries.



Genomic DNA isolation was performed using the QIAcube automated system (Qiagen, Hilden, Germany). Library preparation was carried out using the SureSelectQXT Target Enrichment for Illumina Multiplexed Sequencing Kit (Agilent Technologies, Santa Clara, CA, USA) according to the manufacturer’s instructions. The obtained DNA fragments were sequenced on an Illumina MiSeq platform. NGS data were processed using the bioinformatics software HD Genome One (DREAMgenics, Oviedo, Spain license number 7157-PS). Briefly, sequencing reads in FASTQ format were filtered by quality scores and aligned to the human genome reference sequence GRCh38. Variants were annotated by using several databases and in silico tools (Ensembl, dbSNP, ClinVar, gnomAD, ESP, Polyphen, SIFT, and Combined Annotation Dependent Depletion score, among others). All studied variants had a total read depth ≥50 with a minimum of 30 reads with the alternative allele count. To confirm a heterozygous variant, variant alleles were required to be present in more than 20% of mapped reads. The Genome Aggregation Database (gnomAD) (https://gnomad.broadinstitute.org/, accessed on 19 July 2022) was referred to extract the frequencies of variants both in the whole population and the European population.




2.3. Inborn Errors Test Study


To identify potential inborn errors of immunity, we evaluated, in both cohorts (H-P and AM-Risk-P), the presence of potential disease-causing variants. For this, variants were selected using the following criteria: (1) located in exon or splicing region; (2) excluded synonymous variants; (3) selected variants with allele frequency < 0.1% in internal and public databases (gnomAD); and (4) predicted to be deleterious by, at least, one in-silico tool (SIFT, Polyphen-2, and CADD, among others). Moreover, the inheritance pattern of the disease has been considered. In order to identify variants with potential relevance in FMF, we also considered variants in the MEFV gene with an allele frequency > 0.1% and whose role in the pathophysiology of FMF was controversial. Variants were classified according to American College of Medical Genetics and Genomics (ACMG) guidelines [21].




2.4. Statistical Analysis to Identify Potential Genetic Markers


To identify potential risk or protective genetic markers, we studied all single nucleotide polymorphisms (SNPs) located in exon or splicing regions, excluding synonymous and intronic variants. SNPs located in X-linked genes were excluded due to sex bias in both groups. Once selected, we compared their allele frequencies in both homozygous and heterozygous conditions between our two patient cohorts. We used a Fisher test to select the variants with a statistically significant different distribution between our patient cohorts (p-value  ≤  0.05).



For our selected autosomal biallelic SNP, we calculated the expected genotype frequency in the general European population using the law of Hardy–Weinberg (Hardy–Weinberg Equilibrium Calculator, scienceprimer.com accessed on 26 July 2022) (HW). Public data from gnomAD browser were used to obtain the allele frequencies p and q. The proportion of subjects with genotypes AA, Aa, and aa should follow the p2, 2pq, and q2. Tests of HW Equilibrium (E) were commonly performed using a simple Chi-square test (χ2).



Additionally, the OR and 95% confidence intervals (95% CI) were calculated using logistic regression to evaluate the association between selected polymorphism and COVID-19 severity risk.





3. Results


3.1. Patients Cohort: Clinical and Laboratory Data


The hyperinflammatory patient cohort (H-P) had a median age of 60 years [age ranging from 19 to 80] and 41 (75%) were men. None of the patients had prior histories suggestive of immunodeficiency. Comorbidity was present in 77% of patients. The most frequent associated comorbidities found were dyslipidemia (54%), hypertension (42%), obesity (Body Mass Index > 30, 29%), and diabetes (29%) (Table S1).



All patients required supplemental oxygen and developed severe/critical disease. Impending hyperinflammation in our patient cohort was identified by laboratory markers: cytopenias (anemia and lymphopenia), coagulopathy (low platelet and elevated D-dimer levels), tissue damage/hepatitis (elevated lactate dehydrogenase and aspartate aminotransferase serum levels), and macrophage/hepatocyte activation (elevated ferritin levels). Most of the patients (92%) had a significant lower absolute lymphocyte count and a higher neutrophil/lymphocyte ratio (Table S1). One hundred percent of patients had an HLH score > 100 (36% of patients had an HLH score between 141–188).



All of them presented a hyperinflammatory cytokine pattern and they exhibited high levels of interleukin (IL)-6 (mean value: 416.1 pg/mL), antagonist interleukin 1 receptor (IL-1RA) (mean value: 261.7 pg/mL), and IL-18 (mean value: 77.4 pg/mL), which are particularly higher in CS.



The asymptomatic/mild COVID-19 cohort (AM-risk-P) had an age range of 70–99, with a median age of 84, and 35% of them were male. Comorbidity was present in 69% of the patients, with the following ones being the most frequently associated: hypertension (63%), dyslipidemia (26%), diabetes (26%), and obesity (Body Mass Index > 30, 20%) (Table S2).




3.2. Identifying Monogenic Inborn Errors of Immunity


First, we analyzed genes causing autoinflammatory diseases. In the H-P cohort, we described five patients with controverted clinical significance variants in the MEFV gene. The HP-15 presented the variant p.Arg653His with a minor allele frequency (MAF) of 0.000035 and the p.Ala317Val variant, which was not previously described, and its in silico prediction was benign by Polyphen. The p.Arg653His variant has been observed in several individuals affected with familial Mediterranean fever (FMF), but in silico tools (SNPs&GO, Mutation Taster, SIFT, PolyPhen) predicted a benign outcome for this change. The monoallelic p.Lys695Arg variant (MAF 0.005826) was detected in the HP-37 and HP-44 patients. Although this variant was classified as Uncertain Significance (VUS) using ACMG, in the Infevers database the presence of asparagine in this amino acid position (695) is considered probably pathogenic, and several papers report this variant in FMF patients and consider it as a variant with reduced penetrance (Table 1).



We found the p.Pro369Ser-p.Arg408Gln haplotype in two unrelated patients (HP-3 and HP-18). The role of this haplotype in the FMF is unclear, although its frequency in the population is greater than one percent. There are multiple case reports in which patients with atypical or late-onset FMF are found to have this haplotype along with other MEFV variants [22,23,24]. The p.Pro369 residue is conserved across mammals and other organisms, and four out of five computational analyses (PolyPhen-2, SIFT, AlignGVGD, BLOSUM, MutationTaster) suggest a deleterious effect in the protein; however, functional studies have not demonstrated any functional alterations [25] (Table 1).



Strikingly, none of the patients of the AM-Risk-P cohort presented pathogenic or controverted clinical significance variants in the MEFV gene.



Next, we focused on loci identified as mutated in patients with predisposition to viral infection. In the H-P cohort, we found one heterozygous predicted loss-of-function variant with MAF < 0.0001 at the locus IRF7. Specifically, we report the HP-38 patient carrying the IRF7 canonical splice site variant c.887-2A>C (rs766015923), the prediction of which is loss-of-function with high confidence (Table 1). This patient had never been hospitalized for other life-threatening viral illnesses. As for the AM-risk-P group, we did not find any pathogenic or likely pathogenic variant that predisposes to viral infection or immune dysregulation.




3.3. Identifying Genetic Biomarkers


We identified three genetic variants at three loci (Pyrin MEFV, interferon receptor alpha, and beta subunit 2 IFNAR2, and the regulator of capping protein and myosin 1 linker 2 CARMIL2) overrepresented in our hyperinflammatory severe cohort compared to the AM-Risk-P cohort (Table 2). Furthermore, the variants located in MEFV and IFNAR2 genes displayed an HW disequilibrium (HWD) and we considered them as potential risk markers (Table 2).



Interestingly, in the MEFV gene, which causes the FMF disease, we observed a new recessive risk genetic marker. Our results showed a significantly enriched homozygous haplotype, dbSNP rs1231123A/A-rs1231122A/A, in the H-P group compared to the AM-Risk-P cohort (36.5% vs. 15%; p < 0.05) (Table 2 and Figure 2a).



This MEFV haplotype involves two amino acid changes (p.Asp424Glu- and Gly436Arg, respectively) in exon 8 (ENSE00002320009) of the Pyrin isoform O15553-3 (UniProt ID) resulting from the transcript lacking exon 2.



This homozygous haplotype was significantly enriched in our H-P cohort compared to that expected in the European population according to HWE (36.5% vs. 20%; p < 0.05). Moreover, it is associated with an increase in COVID-19 severity risk with an odds ratio [OR] of 3.14 (95% CI) (1.123–8.793) (Table 3 and Figure 2a).



In loci related to diseases of predisposition to viral infection and diseases of immune dysregulation, we identified two monoallelic SNPs, the p.Phe8Ser variant (rs2229207) in the IFNAR2 gene with 8.2% European MAF (eMAF), which was previously related to COVID-19 severity, and the p.Val181Met (rs117556162) (eMAF: 5%) variant in the CARMIL2 gene. These variants (rs2229207, rs117556162) turned out to be overrepresented in the H-P group compared to the AM-Risk-P group (28.8% vs. 7.5%; p < 0.05 and 13% vs. 0%; p < 0.05), respectively (Table 2 and Figure 2a).



The IFNAR2 p.Phe8Ser variant displayed an HWD. In the H-P cohort, its heterozygous frequency was greater than expected in the European population (28.8% vs. 14.7% HWE; p < 0.05). Interestingly, the association between this polymorphism and the risk of COVID-19 severity had an odds ratio (OR) of 4.5 (95% CI) (1.204–16.826) (Table 3 and Figure 2a).



The p.Val181Met variant in CARMIL2 was not detected in any asymptomatic patient. In fact, we found an underrepresentation of the p.Val181Met_CARMIL2 variant in the AM-Risk-P cohort compared to what was expected (0% vs. 9.5% HWE p < 0.01) (Table 2 and Figure 2a).




3.4. Distribution of Risk Variants According to Sex


We explored sex distribution in the two groups of patients depending on the presence of every risk variant.



Interestingly, in the H-P group, we found that the majority of rs1231123A/A-rs1231122A/A_MEFV carriers were male (18 of 19 (95%)). However, this bias was not observed in the AM-Risk-P group. Furthermore, our analysis of IFNAR2 p.Phe8Ser carriers did not show significant differences in sex distribution (Figure 2b).




3.5. Combined Analysis of Our Candidate Genetic Markers


When we analyzed the presence of our risk genetic markers that displayed an imbalance of HWE with overrepresentation in the H-P cohort (IFNAR2, rs117556162, and MEFV, rs1231123 A/A–rs1231122 A/A haplotype), we found that the 57% of patients with severe disease had at least one risk marker, while in the asymptomatic group they were represented only in 20% (Figure 2c). The combined analysis of the presence of at least one of our two genetics biomarkers related to inflammasome activity (MEFV) and antiviral immunity (IFNAR2) was associated with an increase in COVID-19 severity risk with an OR  of 6.274 (95% CI) (2.430–16.201) (Table 3).





4. Discussion


Most patients with life-threatening COVID-19 manifest features of HLH/CSS with hyperinflammation signs such as pancytopenia, coagulopathy, and/or liver dysfunction; however, their genetic basis remain undefined. The CS observed in COVID-19 could be due to host genetic factors related to different cellular signaling pathways of the immune system. To better understand the biology of COVID-19 and the mechanisms that connect different loci to the disease outcome, we looked for PIDs causal genes with predisposition to the development of CS (Figure 1b).



We identified a new candidate gene related to severe COVID-19. The analyses of six autoinflammatory disease-related genes showed the MEFV gene as a candidate risk biomarker locus. In our analysis, 10% of the H-P had at least one variant of conflicting interpretations of pathogenicity: p.Arg653His, p.Ala317Val, p.Lys695Arg, and the p.Pro369Ser-p.Arg408Gln haplotype, which were not observed in the AM-Risk-P cohort (Table 1). Pathogenic variants in this gene cause the FMF disease that leads to an exaggerated inflammatory response through the uncontrolled production of IL-1. The MEFV gene shows the highest rate of mutant alleles in some populations (Jews, Arabs, Turks, and Armenians), but COVID-19 surveillance reports indicate that the disease incidence and death rates for COVID-19 are not greater in the populations where mutant MEFV alleles predominate [26]. However, our results suggest that some variants suspicious for FMF pathogenicity may predispose to hyperinflammation in response to novel SARS-CoV-2 and contribute to critical illness. Moreover, our case-control study also points to this gene as a risk factor. We identified a significant enrichment of the homozygous haplotype rs1231123A/A-rs1231122A/A in MEFV gene in the H-P-cohort, which displayed a HWD (Table 2).



A SARS-CoV-2 ORF3a protein can provoke a CS by activation of the NLRP3 inflammasome [27]. Pyrin and NLRP3 inflammasomes may compete for an apoptosis-associated speck-like protein containing a caspase recruitment domain (CARD). Pyrin isoform 1 is the main protein, but at least four alternatively spliced transcripts of MEFV gen become translated into protein isoforms [28]. MEFV haplotype rs1231123A-rs1231122A involves two amino acid changes (p.Asp424Glu and Gly436Arg, respectively) in the exon 8 (ENSE00002320009) of the Pyrin isoform ID: O15553-3 (UniProt) resulting from the transcript lacking exon 2. Several studies revealed that alternatively spliced MEFV transcripts lacking exon 2 levels were significantly higher in the leukocytes of FMF patients [29]. In addition, some studies have shown that Pyrin lacking exon 2 shows a different localization pattern, that it is concentrated in the nucleus, and that it may play a relevant role in the inflammation regulation response [29,30,31]. Regarding our H-P cohort, the overrepresentation of the MEFV haplotype rs1231123A/A-rs1231122A/A suggests that it is a novel recessive risk factor in the development of the hyperinflammatory COVID-19 disease that appears to be related to male sex (Figure 2b). However, it should be noted that although this haplotype is common in the population, it has not been previously associated with other diseases.



In agreement with other groups [15,32], we found defects in interferon-dependent immunity genes in patients who progressed to hyperinflammation. We identified one patient carrying the IRF7 canonical splice site variant c.887-2A>C (rs766015923) whose in silico prediction is loss-of-function and clinical significance is probably pathogenic according to ACMG guidelines. The patient was a 52-year-old male that had never been hospitalized for other life-threatening viral illnesses. The Interferon regulatory factor 7 deficiency was described as having an autosomal recessive mode of inheritance [33,34]; however, some studies raise the possibility that the IRF7 gene exhibits an autosomal dominant inheritance with incomplete penetrance [15].



Different reports have demonstrated the essential role of type I IFN cell-intrinsic immunity in the control of SARS-CoV-2 infection in a similar way as it happens with influenza virus susceptibility [17,33,34]. The rs223657 and rs2834158 variants in the IFNAR2 gene previously associated with COVID-19 mortality [35] did not show a different distribution between our two patient cohorts. However, in accordance with previous findings, the frequency of the homozygous genotype of the SNP (rs1051393) is higher in our H-P cohort, although the difference was not statistically significant (p = 0.087).



Recently, the association of the common variant p.Phe8Ser (rs2229207) affecting interferon receptor gene IFNAR2 to severe COVID-19 has been proposed in several case-control studies [32,36]. Our data are consistent with previous reports because we found an increased allele frequency of this common variant in H-P patients (Table 2 and Figure 2a) with an HW imbalance. Based on our results, patients who present this SNP had 3.14-fold odds of developing severe COVID-19. This finding and the previously documented association with the outcome and persistence of hepatitis B virus infection [37] suggest that this amino acid change might play a role in type I interferon immunity. The change of the hydrophobic amino acid phenylalanine (F) to the hydrophilic amino acid serine (S) is a functional variant. Studies have shown that IFN-α-induced antiviral protection is significantly increased in cells transfected with the IFNAR2-Phe8 allele compared with the IFNAR2-Ser8 allele [37]. Furthermore, Smieszek et al. [32] described that IFNAR2-Ser8 carriers showed lower levels of IFN-γ. All these pieces of evidence support the consideration of the monoallelic or biallelic IFNAR2-Ser8 variant as a robust risk marker of severe COVID-19.



Male sex is known to be associated with COVID-19 severity. Interestingly, our H-P cohort showed that the 95% of the MEFV risk marker carriers were male (Figure 2b). Thus, this genetic marker seems to be a relevant risk factor mainly in males. In contrast, carriers of the genetic marker related to host antiviral defense (IFNAR2 p.Phe8Ser) did not show a sex bias. Therefore, although these are preliminary results from a limited number of cases, the homozygous MEFV haplotype rs1231123A-rs1231122A could be a predictor of disease severity in males.



The CARMIL2 gene encodes the Capping protein, Arp2/3, and myosin-I linker protein 2, an essential cytosolic protein for the CD28 co-stimulation in T cells that is necessary for IFN-γ production and viral replication inhibition [38]. Defects in this gene cause an autosomal recessive primary immunologic disorder characterized by susceptibility to the Epstein–Barr virus [20,39]. The common rs117556162 (CARMIL2, p.Val181Met) was not detected in any individual from the asymptomatic cohort despite the fact that its expected genotype frequency is 9.5% (HW principle). These data make us consider the wild-type residue Valine 181 as a protective factor. The evidence of this residue suggests that it could be a functional variant because it is highly conserved between species, and the missense in silico prediction was detrimental (Polyphen, probably damaging; SIFT, deleterious; Combined Annotation Dependent Depletion score, 25), although neither functional studies nor association with disease has been described in the literature.



Our study has some limitations: the number of subjects enrolled was small, and they were from a specific geographic area (Majorca, Spain’s Mediterranean island). It is known that ancestry genetic markers exhibit substantially different frequencies among populations from different geographic regions. Therefore, the results of the expected genotypic frequencies according to HWE using the allele frequency of the European population may not be conclusive. However, the differences reported between our two cohorts (both from Majorca), despite the small sample size, can provide reliable information. Another important limitation is that the study has only focused on 24 genes related to three signaling pathways: inflammation, virus host defense, and immune regulation. Therefore, neither all the genes related to these pathways nor other PIDs genes are being evaluated in our study.



In conclusion, our results, limited to the Spanish cohort from Majorca, show that the Pyrin inflammasome regulation and antiviral host defense by type I IFN immunity are involved in COVID-19 disease severity. Our data point to the fact that male carriers of the homozygous MEFV haplotype rs1231123A-rs1231122A and/or independently gender carriers of the IFNAR2 p.Phe8Ser variant may tilt the balance toward a hyperinflammatory response after SARS-CoV-2 infection.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/biomedicines11092548/s1, Table S1: Age, sex, Symptomatology classification, comorbidities, laboratory data and genetic risk markers of Hyperinflammatory patients. Current age (years) and gender (M: male, F: female). Symptomatology classification (2: Severe or 3: Critical COVID-19 infection). Presence (Yes) or absence (No) of the following comorbidities: Obesity (Body mass index >30), dyslipemia, diabetes and hypertension. Laboratory data included serum levels of ferritin, D-dimer, Lactate dehydrogenase (LDH) and Aspartate aminotransferase (AST). Absolute lymphocyte (Lymph) counts, Neutrophil-lymphocyte ratio (NLR), Cytopenias (L: lymphopenia, A: anemia, T: thrombocytopenia, N: neutropenia, Low E: low eosinophil counts). Serum cytokines levels of IL-6, IL-10, IL-1β, IL-1Ra, IL-18 and soluble interleukin 2 receptor (sCD25). Presence (1: variant in an heterozygous state, 2: variant in an homozygous state) or absence (0: not variant) of rs1231123A/A-rs1231122A/A MEFV haplotype (MEFV AA/AA) and p.Phe8Ser_IFNAR2 and p.Val181Met_CARMIL2 variants. N.A: Not available. Table S2: Age, sex, symptomatology, comorbidities and genetic risk markers of AM-Risk patients. Current age (years) and gender (M: male, F: female). Symptomatology associated with COVID-19 infection. Presence (Yes) or absence (No) of the following comorbidities: Obesity (Body mass index >30), dyslipemia, diabetes and hypertension. Presence (1: variant in an heterozygous state, 2: variant in an homozygous state) or absence (0: not variant) of rs1231123A/A-rs1231122 A/A MEFV haplotype (MEFV AA/AA), p.Phe8Ser_IFNAR2 and p.Val181Met_CARMIL2. N.A: Not available.





Author Contributions


N.M.-P. conducted the interpretation and statistical analysis of data, designed the research project, generated funding, and wrote the manuscript. V.C. collaborated with the interpretation of data, statistical analysis, and critical revision of the manuscript. M.S.-G. and E.P.-P. performed the experiments. P.C.P. collaborated in the design of the probes and supported the data analysis. D.E.O. and J.P. conducted the recruitment of laboratory and clinical data of patients. I.A., I.L., N.T.-P. and M.G.G. conducted patient recruitment and clinical information monitoring. J.M.F.B. collaborated with the critical revision of the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This work has been supported by a grant from the Health Research Institute of the Balearic Islands (IdISBa), Palma, Spain (grant number COVID-19/35). The authors declare that no funds, grants, or other support were received during the preparation of this manuscript.




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki, and approved by Balearic Islands Clinical Research Ethics Committee (code: IB 4324/20 PI and date of approval: 16 December 2020) for studies involving humans.




Informed Consent Statement


Informed consent was obtained from all individual participants included in the study.




Data Availability Statement


The data presented in this study are available upon request from the corresponding author. The data are not publicly available because new data are being analyzed for protective genetic factors.




Acknowledgments


We thank all patients that donated their blood to perform this study and the team of Attention to Chronicity of the Health Service of the Balearic Islands. The authors are grateful to Aina Rosa Millan Pons, from the Methodological Department of IdISBa, for her assistance in the statistical analysis. We are also grateful to Monica Portell and Raquel Ferrer for their assistance in the assays performance.




Conflicts 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.




References


	



Guan, W.J.; Ni, Z.Y.; Hu, Y.; Liang, W.H.; Ou, C.Q.; He, J.X.; Liu, L.; Shan, H.; Lei, C.L.; Hui, D.S.C.; et al. Clinical Characteristics of Coronavirus Disease 2019 in China. N. Engl. J. Med. 2020, 382, 1708–1720. [Google Scholar] [CrossRef]

	



Richardson, S.; Hirsch, J.S.; Narasimhan, M.; Crawford, J.M.; McGinn, T.; Davidson, K.W.; Barbany, D.P.; Becker, L.B.; Chelico, J.D.; Cohen, S.L.; et al. Presenting Characteristics, Comorbidities, and Outcomes among 5700 Patients Hospitalized with COVID-19 in the New York City Area. JAMA 2020, 323, 2052–2059. [Google Scholar] [CrossRef]

	



Henderson, L.A.; Canna, S.W.; Schulert, G.S.; Volpi, S.; Lee, P.Y.; Kernan, K.F.; Caricchio, R.; Mahmud, S.; Hazen, M.M.; Halyabar, O.; et al. On the Alert for Cytokine Storm: Immunopathology in COVID-19. Arthritis Rheumatol. 2020, 72, 1059–1063. [Google Scholar] [CrossRef]

	



Salzer, E.; Daschkey, S.; Choo, S.; Gombert, M.; Santos-Valente, E.; Ginzel, S.; Schewendinger, M.; Haas, O.A.; Fritsch, G.; Pickl, W.F.; et al. Combined immunodeficiency with life-threatening EBV-associated lymphoproliferative disorder in patients lacking functional CD27. Haematologica 2013, 98, 473–478. [Google Scholar] [CrossRef]

	



Liang, Y.; Cucchetti, M.; Roncagalli, R.; Yokosuka, T.; Malzac, A.; Bertosio, E.; Imbert, J.; Nijman, I.J.; Suchanek, M.; Saito, T.; et al. The lymphoid lineage-specific actin-uncapping protein Rltpr is essential for costimulation via CD28 and the development of regulatory T cells. Nat. Immunol. 2013, 14, 858–866. [Google Scholar] [CrossRef]

	



Molleran Lee, S.; Villanueva, J.; Sumegi, J.; Zhang, K.; Kogawa, K.; Davis, J.; Filipovich, A.H. Characterisation of diverse PRF1 mutations leading to decreased natural killer cell activity in North American families with haemophagocytic lymphohistiocytosis. J. Med. Genet. 2004, 41, 137–144. [Google Scholar] [CrossRef]

	



Crayne, C.B.; Albeituni, S.; Nichols, K.E.; Cron, R.Q. The Immunology of Macrophage Activation Syndrome. Front. Immunol. 2019, 10, 119. [Google Scholar] [CrossRef]

	



Giavridis, T.; van der Stegen, S.J.C.; Eyquem, J.; Hamieh, M.; Piersigilli, A.; Sadelain, M. CAR T cell-induced cytokine release syndrome is mediated by macrophages and abated by IL-1 blockade. Nat. Med. 2018, 24, 731–738. [Google Scholar] [CrossRef]

	



Schulert, G.S.; Cron, R.Q. The genetics of macrophage activation syndrome. Genes Immun. 2020, 21, 169–181. [Google Scholar] [CrossRef]

	



Chinn, I.K.; Eckstein, O.S.; Peckham-Gregory, E.C.; Goldberg, B.R.; Forbes, L.R.; Nicholas, S.K.; Mace, E.M.; Vogel, T.P.; Abhyankar, H.A.; Diaz, M.I.; et al. Genetic and mechanistic diversity in pediatric hemophagocytic lymphohistiocytosis. Blood 2018, 132, 89–100. [Google Scholar] [CrossRef]

	



Giamarellos-Bourboulis, E.J.; Netea, M.G.; Rovina, N.; Akinosoglou, K.; Antoniadou, A.; Antonakos, N.; Damoraki, G.; Gkavogianni, T.; Adami, M.E.; Katsaounou, P. Complex Immune Dysregulation in COVID-19 Patients with Severe Respiratory Failure. Cell Host Microbe 2020, 27, 992–1000. [Google Scholar] [CrossRef]

	



Kousathanas, A.; Pairo-Castineira, E.; Rawlik, K.; Stuckey, A.; Odhams, C.A.; Walker, S.; Russell, C.D.; Malinauskas, T.; Wu, Y.; Millar, J. Whole-genome sequencing reveals host factors underlying critical COVID-19. Nature 2022, 607, 97–103. [Google Scholar] [CrossRef] [PubMed]

	



Ellinghaus, D.; Degenhardt, F.; Bujanda, L.; Buti, M.; Albillos, A.; Invernizzi, P.; Fernández, J.; Prati, D.; Baselli, G.; Asselta, R. Genomewide Association Study of Severe Covid-19 with Respiratory Failure. N. Engl. J. Med. 2020, 383, 1522–1534. [Google Scholar] [PubMed]

	



Pairo-Castineira, E.; Clohisey, S.; Klaric, L.; Bretherick, A.D.; Rawlik, K.; Pasko, D.; Walker, S.; Parkinson, N.; Fourman, M.H.; Russell, C.D. Genetic mechanisms of critical illness in COVID-19. Nature 2021, 591, 92–98. [Google Scholar] [CrossRef]

	



Zhang, Q.; Bastard, P.; Liu, Z.; Le Pen, J.; Moncada-Velez, M.; Chen, J.; Ogishi, M.; Sabli, I.K.D.; Hodeib, S.; Korol, C. Inborn errors of type I IFN immunity in patients with life-threatening COVID-19. Science 2020, 370, eabd4570. [Google Scholar] [CrossRef]

	



Solanich, X.; Vargas-Parra, G.; Van der Made, C.I.; Simons, A.; Schuurs-Hoeijmakers, J.; Antolí, A.; Del Valle, J.; Rocamora-Blanch, G.; Setién, F.; Esteller, M. Genetic Screening for TLR7 Variants in Young and Previously Healthy Men with Severe COVID-19. Front. Immunol. 2021, 12, 719115. [Google Scholar] [CrossRef]

	



Van der Made, C.I.; Simons, A.; Schuurs-Hoeijmakers, J.; Van den Heuvel, G.; Mantere, T.; Kersten, S.; Van Deuren, R.C.; Steehouwer, M.; van Reijmersdal, S.V.; Jaeger, M. Presence of Genetic Variants among Young Men with Severe COVID-19. JAMA 2020, 324, 663–673. [Google Scholar] [CrossRef]

	



Zhang, Q.; Bastard, P.; COVID Human Genetic Effort; Cobat, A.; Casanova, J.L. Human genetic and immunological determinants of critical COVID-19 pneumonia. Nature 2022, 603, 587–598. [Google Scholar]

	



Fardet, L.; Galicier, L.; Lambotte, O.; Marzac, C.; Aumont, C.; Chahwan, D.; Coppo, P.; Hejblum, G. Development and Validation of the HScore, a Score for the Diagnosis of Reactive Hemophagocytic Syndrome. Arthritis Rheumatol. 2014, 66, 2613–2620. [Google Scholar] [CrossRef]

	



Tangye, S.G.; Al-Herz, W.; Bousfiha, A.; Cunningham-Rundles, C.; Franco, J.L.; Holland, S.M.; Klein, C.; Morio, T.; Oksenhendler, E.; Picard, C. Human Inborn Errors of Immunity: 2022 Update on the Classification from the International Union of Immunological Societies Expert Committee. J. Clin. Immunol. 2022, 42, 1473–1507. [Google Scholar] [CrossRef]

	



Richards, S.; Aziz, N.; Bale, S.; Bick, D.; Das, S.; Gastier-Foster, J.; Grody, W.W.; Hegde, M.; Lyon, E.; Spector, E. ACMG Laboratory Quality Assurance Committee. Standards and guidelines for the interpretation of sequence variants: A joint consensus recommendation of the American College of Medical Genetics and Genomics and the Association for Molecular Pathology. Genet. Med. 2015, 17, 405–424. [Google Scholar] [CrossRef] [PubMed]

	



Kitade, T.; Horiki, N.; Katsurahara, M.; Totoki, T.; Harada, T.; Tano, S.; Yamada, R.; Hamada, Y.; Inoue, H.; Tanaka, K. Usefulness of small intestinal endoscopy in a case of adult-onset Familial Mediterranean Fever associated with jejunoileitis. Intern. Med. 2015, 54, 1343–1347. [Google Scholar] [CrossRef] [PubMed]

	



Yamagami, K.; Nakamura, T.; Nakamura, R.; Hanioka, Y.; Seki, K.; Chilba, H.; Kobayashi, K.; Agematsu, K. Familial Mediterranean fever with P369S/R408Q exon3 variant in pyrin presenting as symptoms of PFAPA. Mod. Rheumatol. 2017, 27, 356–359. [Google Scholar] [CrossRef] [PubMed]

	



Hannan, L.M.; Ward, J.; Ebringer, R.; Mcdonald, C.F. Late presentation of familial Mediterranean fever associated with P369S/R408Q variant in the MEFV gene. Intern. Med. 2012, 42, 952–954. [Google Scholar] [CrossRef] [PubMed]

	



Ryan, J.G.; Masters, S.L.; Booty, M.G.; Habal, N.; Alexander, J.D.; Barham, B.K.; Remmers, E.F.; Barron, K.S.; Kastner, D.L.; Aksentijevich, I. Clinical features and functional significance of the P369S/R408Q variant in pyrin, the familial Mediterranean fever protein. Ann. Rheum. Dis. 2010, 69, 1383–1388. [Google Scholar] [CrossRef] [PubMed]

	



World Health Organization. COVID-19 Weekly Surveillance Report 2022. Available online: https://www.euro.who.int/en/health-topics/health-emergencies/coronavirus-covid-19/weekly-surveillance-report/weekly-surveillance-report-alt (accessed on 2 September 2022).

	



Xu, H.; Akinyemi, I.A.; Chitre, S.A.; Loeb, J.C.; Lednicky, J.A.; McIntosh, M.T.; Bhaduri-McIntosh, S. SARS-CoV-2 viroporin encoded by ORF3a triggers the NLRP3 inflammatory pathway. Virology 2022, 568, 13–22. [Google Scholar] [CrossRef] [PubMed]

	



Grandemange, S.; Soler, S.; Touitou, I. Expression of the familial Mediterranean fever gene is regulated by nonsense-mediated decay. Hum Mol Genet 2009, 18, 4746–4755. [Google Scholar] [CrossRef]

	



Kirectepe, A.K.; Kasapcopur, O.; Arisoy, N.; Erdem, G.C.; Hatemi, G.; Ozdogan, H.; Turanli, E.T. Analysis of MEFV exon methylation and expression patterns in familial Mediterranean fever. BMC Med. Genet. 2011, 12, 105. [Google Scholar] [CrossRef]

	



Papin, S.; Duquesnoy, P.; Cazeneuve, C.; Pantel, J.; Coppey-Moisan, M.; Dargemont, C.; Amselem, S. Alternative splicing at the MEFV locus involved in familial Mediterranean fever regulates translocation of the marenostrin/pyrin protein to the nucleus. Hum. Mol. Genet. 2000, 9, 3001–3009. [Google Scholar] [CrossRef]

	



Erdem, G.C.; Erdemir, S.; Abaci, I.; Aydin, A.K.K.; Everest, E.; Turanli, E.T. Alternatively spliced MEFV transcript lacking exon 2 and its protein isoform pyrin-2d implies an epigenetic regulation of the gene in inflammatory cell culture models. Genet. Mol. Biol. 2017, 40, 688–697. [Google Scholar] [CrossRef]

	



Smieszek, S.P.; Polymeropoulos, V.M.; Xiao, C.; Polymeropoulos, C.M.; Polymeropoulos, M.H. Loss-of-function mutations in IFNAR2 in COVID-19 severe infection susceptibility. J. Glob. Antimicrob. Resist. 2021, 26, 239–240. [Google Scholar] [CrossRef] [PubMed]

	



Ciancanelli, M.J.; Huang, S.X.; Luthra, P.; Garner, H.; Itan, Y.; Volpi, S.; Lafaille, F.G.; Trouillet, C.; Schmolke, M.; Albrecht, R.A. Life-threatening influenza and impaired interferon amplification in human IRF7 deficiency. Science 2015, 348, 448–453. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Q. Human genetics of life-threatening influenza pneumonitis. Hum. Genet. 2020, 139, 941–948. [Google Scholar] [CrossRef]

	



Fricke-Galindo, I.; Martínez-Morales, A.; Chávez-Galán, L.; Ocaña-Guzmán, R.; Buendía-Roldán, I.; Pérez-Rubio, G.; Hernández-Zenteno, R.J.; Verónica-Aguilar, A.; Alarcón-Dionet, A.; Aguilar-Duran, H. IFNAR2 relevance in the clinical outcome of individuals with severe COVID-19. Front. Immunol. 2022, 13, 949413. [Google Scholar] [CrossRef] [PubMed]

	



Nhung, V.P.; Ton, N.D.; Ngoc, T.T.B.; Thuong, M.T.H.; Hai, N.T.T.; Oanh, K.T.P.; Hien, L.T.T.; Thach, P.N.; Hai, N.V.; Ha, N.H. Host Genetic Risk Factors Associated with COVID-19 Susceptibility and Severity in Vietnamese. Genes 2022, 13, 1884. [Google Scholar] [CrossRef] [PubMed]

	



Frodsham, A.J.; Zhang, L.; Dumpis, U.; Taib, N.A.M.; Best, S.; Durham, A.; Hennig, B.J.W.; Hellier, S.; Knapp, S.; Wright, M. Class II cytokine receptor gene cluster is a major locus for hepatitis B persistence. Proc. Natl. Acad. Sci. USA 2006, 103, 9148. [Google Scholar] [CrossRef]

	



Roncagalli, R.; Cucchetti, M.; Jarmuzynski, N.; Grégorie, C.; Bergot, E.; Audebert, S.; Baudelet, E.; Menoita, M.G.; Joachim, A.; Durand, S. The scaffolding function of the RLTPR protein explains its essential role for CD28 co-stimulation in mouse and human T cells. J. Exp. Med. 2016, 213, 2437–2457. [Google Scholar] [CrossRef]

	



Alazami, A.M.; Al-Helale, M.; Alhissi, S.; Al-Saud, B.; Alajlan, H.; Monies, D.; Shah, Z.; Abouelhoda, M.; Arnaout, R.; Al-Dhekr, H. Novel CARMIL2 mutations in patients with variable clinical dermatitis, infections, and combined immunodeficiency. Front. Immunol. 2018, 9, 203. [Google Scholar] [CrossRef]








[image: Biomedicines 11 02548 g001] 





Figure 1. Experimental methodology. (a) Cohort of patients: (1) the hyperinflammatory patient cohort H-P included 52 patients that showed hyperinflammatory characteristics according to a score for the diagnosis of reactive hemophagocytic syndrome (HScore) over 100; (2) the asymptomatic or mild patients cohort (AM-Risk-P) included 40 individuals at high risk (based on age greater than 70 years) for severe COVID-19 who remained asymptomatic or developed mild disease that we used as control group. (b) Multi-gene panel covering 24 genes related to different PIDs that predispose to cytokine storm distributed in two groups: autoinflammatory disorders or defects in immunity with predisposition to viral infection and diseases of immune dysregulation. 
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Figure 2. Analysis of genetic risk markers (homozygous MEFV haplotype rs1231123A/A-rs1231122 A/A and IFNAR2 p.F8S/WT). (a) Genotype frequency in the patient cohorts (HP-Cohort and AM-Risk-Cohort) compared with the expected genotype frequency according to Hardy–Weinberg Equilibrium (HWE). (b) Distribution of carriers according to sex. (c) Percentage of carriers that had at least one genetic risk marker in both patient cohorts. 
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Table 1. Uncommon/controversial significance variants in H-P cohort. ACMG: American College of Medical Genetics and Genomics, ID: identification number, MAF: m