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Vasculitis as a Major Morbidity Factor in Patients With Partial RAG Deficiency
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Vasculitis can be a life-threatening complication associated with high mortality and morbidity among patients with primary immunodeficiencies (PIDs), including variants of severe and combined immunodeficiencies ((S)CID). Our understanding of vasculitis in partial defects in recombination activating gene (RAG) deficiency, a prototype of (S)CIDs, is limited with no published systematic evaluation of diagnostic and therapeutic modalities. In this report, we sought to establish the clinical, laboratory features, and treatment outcome of patients with vasculitis due to partial RAG deficiency. Vasculitis was a major complication in eight (13%) of 62 patients in our cohort with partial RAG deficiency with features of infections and immune dysregulation. Vasculitis occurred early in life, often as first sign of disease (50%) and was complicated by significant end organ damage. Viral infections often preceded the onset of predominately non-granulomatous-small vessel vasculitis. Autoantibodies against cytokines (IFN-α, -ω, and IL-12) were detected in a large fraction of the cases tested (80%), whereas the majority of patients were anti-neutrophil cytoplasmic antibodies (ANCA) negative (>80%). Genetic diagnosis of RAG deficiency was delayed up to 2 years from the onset of vasculitis. Clinical cases with sole skin manifestation responded well to first-line steroid treatment, whereas systemic vasculitis with severe end-organ complications required second-line immunosuppression and/or hematopoietic stem cell transplantation (HSCT) for definitive management. In conclusion, our data suggest that vasculitis in partial RAG deficiency is prevalent among patients with partial RAG deficiency and is associated with high morbidity. Therefore, partial RAG deficiency should be included in the differential diagnosis of patients with early-onset systemic vasculitis. Diagnostic serology may be misleading with ANCA negative findings, and search for conventional autoantibodies should be extended to include those targeting cytokines.
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INTRODUCTION

The recombination-activating gene 1 (RAG1) and RAG2 encode lymphoid-specific proteins that are essential for V(D)J recombination, promoting diversification the T and B cell repertoire (TCR, BCR), and receptor editing (1, 2). First described in 1996 by Schwarz et al. null mutations in the RAG1/RAG2 genes result in T- and B-cell-negative SCID (3). The spectrum of the disease was soon extended to include patients with Omenn syndrome and leaky SCID (LS), with relative recombinase activity lower than 5% resulting in the generation of restricted, oligoclonal lymphocytes that are enriched for self-reactive specificities (3, 4). Hypomorphic variants with more preserved relative recombinase activity (in average 5–30%), compared to OS and LS, result in a broader spectrum of distinct phenotypes, including, combined immunodeficiency with granuloma and/or autoimmunity (CID-G/A) (5, 6), primary antibody deficiencies (7–9), idiopathic CD4+ T cell lymphopenia (10), hyper-IgM syndrome (11), and sterile chronic multifocal osteomyelitis (12). This highly vulnerable patient population presents with a variety of autoimmune and hyperinflammatory complications including refractory cytopenias (84.1%), granulomas (23.8%), and inflammatory skin disorders (19.0%) (13).

Vasculitis is observed in various chronic diseases; it is characterized by inflammation of blood vessels, and is classified into large, medium, and small vessel vasculitis, based on the diameter of the affected vessels. While the inflammatory process may be confined to a single organ or site, it may also involve several organ systems, resulting in a vast variety of clinical presentations. Although the specific pathogenesis has yet to be identified, most vasculitides have complex etiology, and both genetic and environmental factors appear to contribute to the pathogenesis (14). In recent years, vasculitis has been described as a feature of various forms of PID, including those with pathogenic STAT1 gain-of-function variants, adenosine deaminase 2 (ADA2) deficiency, X-linked lymphoproliferative syndrome (XLP) type 1, Wiskott-Aldrich-syndrome (WAS), TAP1/2 deficiency, complement deficiency, and NOD2 deficiency (15–21).

Systemic vasculitis has been described as severe complication with significant end-organ damage in patients with partial RAG deficiency (pRD) (13). However, our understanding of vasculitis in RAG deficiency is limited, with no published systematic evaluation of clinical evolution, diagnostic, and therapeutic modalities. Herein we sought to describe the clinical, laboratory features, and treatment outcome of patients with vasculitis due to pRD.



MATERIALS AND METHODS

We maintain a curated patient database (IRB protocol #Pro00025693) of 62 cases of RAG deficiency with autoimmune/hyperinflammatory complications from which we collected the following information: sex, age (current as of March 2020, at clinical diagnosis of immunodeficiency and/or autoimmunity, at molecular diagnosis of RAG deficiency, and at death or HSCT), genotype (specific RAG1 or RAG2 variants), immune phenotype (lymphocyte counts and function, immunoglobulin levels, and autoantibodies), vasculitis (type, age at onset, preceding infections if available, length, and severity), other autoimmune/hyperinflammatory complications, and therapies trialed (including response and complications) (13). This database is continuously updated with relevant cases following literature search and/or personal communication. Patients with vasculitis were identified from our curated database and physicians were individually contacted for additional details. All patients remained deidentified and were previously consented locally. A structured datasheet was utilized to collect clinical information from the treating physician. All patients were assigned as CID-G/A based on published criteria by Delmonte et al. (22). Although we do acknowledge, that currently CID-G/A has not been fully defined by either the Primary Immunodeficiency Consortium (PIDTC) or the Expert Committee of International Union of Immunodeficiency Societies (IUIS) (23). In Table 1 we provide detailed clinical information on patients with vasculitis and pRD. Predicted relative V(D)J recombination activity was recorded as previously described (24, 25). Lymphocyte panel and immunoglobulin levels were determined by clinical laboratory testing at the patient's home institution. Similarly, ANCA and antinuclear antibodies (ANA) were detected by indirect immunofluorescence assay, other autoantibodies were detected by Enzyme-Linked Immunosorbent Assay (ELISA) as part of the routine medical care (6, 9, 26–28). Anti-cytokine antibodies were detected by ELISA as previously described (29). For phenotypic description, healthy age matched blood donors (n = 25), and RAG deficient patients with similar clinical phenotypes (CID-G/A and atypical SCID, n = 48) served as healthy and disease controls. Statistical comparisons were performed by calculating the Mann Whitney U-test using Prism Graphpad 8.4 software. Statistically significant differences obtained in intergroup comparisons were confirmed by Kruskal–Wallis one-way analysis of variance using Prism Graphpad 8.4 software. Kaplan-Meier curves were compared using a log-rank (Mantel-Cox) test. Values of p < 0,05 were considered as significant (ns statistically not significant, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001).


Table 1. Detailed clinical information on patients with vasculitis due to RAG deficiency.
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RESULTS


Demographics and Clinical Characterization of Patients With Vasculitis due to RAG Deficiency

In our cohort of 62 patients with hypomorphic RAG variants and autoimmune and/or hyperinflammatory complications, we identified 8 patients (12.9%) with episodes of vasculitis (Figure 1A). There was equal distribution of female (n = 4) and male patients (n = 4). The designated clinical phenotype was combined immunodeficiency with granuloma and/or autoimmunity (CID-G/A) in all 8 RAG deficient patients with vasculitis based on criteria described above (22). Patients with severe/multiorgan vasculitis were diagnosed with PID early in life (n = 5, median age of 1 years; age range of 0.25–2.5 years), in contrast patients with mild/ skin manifestation (n = 3, median age 12.5 years; age range 5–20 years, p = ns) and those without vasculitis (n = 48, median age 3 years, age range 0–15 years, p = 0.0171) were diagnosed later in life (Figure 1B). In 4 of 8 patients, vasculitis was the first clinical signs of immune dysregulation. The median duration of vasculitis episodes was 1.25 years, with no significant difference between severe/multiorgan and mild/skin manifestations (data not shown). Genetic diagnosis of underlying RAG deficiency was obtained at the median age of 4.25 years (range: 1.5–46 years) (Figure 1C). Besides development of vasculitis, the majority (n = 6) of the patients developed autoimmune complications. Cytopenia was the most common autoimmune complication, being present in 50% of the patients in our cohort, similar to other recently reported cohorts (21–77%) (13). Systemic autoimmunity/inflammatory conditions were observed in three patients, including inflammatory myopathy, cutaneous granulomatosis, and macrophage activation syndrome (MAS), and systemic lupus erythematodes (SLE). Only one patient developed no additional autoimmune complications besides vasculitis (Figure 1D).
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FIGURE 1. Demographic and clinical characterization patients with vasculitis due to RAG deficiency. (A) Vasculitis is the fourth most common complication of pRD with immune dysregulation in a cohort of 62 patients (modified from 13) (B) Clinical diagnosis of PID in years compared between patients with pRD (n = 8, circles = severe/multiorgan, rectangle = mild/skin-only) or without (n = 54) vasculitis and RAG deficiency (*p < 0.05) (C) Percent of patients alive by age and annotate clinical milestones (D) Kaplan-Meier curves comparing survival of RAG-deficient patients with (n = 8, dotted line) and without (n = 54, straight line) vasculitis (E) Overall frequency of autoimmune complications besides vasculitis in adult patients with RAG deficiency, AIC… autoimmune cytopenia, AI… autoimmunity (F) Recombination activity from all available RAG1/2 alleles (average of % wild-type protein). For the non-vasculitis control group only patients with CID-G/AI and AS phenotype were considered. (circles = severe/multiorgan, rectangle = mild/skin-only) (ns statistically not significant, *p ≤ 0.05, ***p ≤ 0.001).


The course of the disease was complicated by significant end organ damage, which was associated with a high mortality rate of 62.5% (5 of 8 patients) and a significantly reduced (p = 0.0436) median survival of 15 years compared to non-vasculitis pRD patients with immune dysregulation who had a median survival of 21.1 years. Although not significant, patients with severe/multiorgan vasculitis had overall reduced median survival of 6 years compared to patients with mild/skin limited vasculitis with a median survival of 15 years (Figure 1E). Leading causes of death in RAG patients with vasculitis included respiratory failure (idiopathic pneumonia syndrome post HSCT, pulmonary fibrosis, chronic obstructive pulmonary disease (n = 3), followed by sepsis with multi-organ failure (enterobacter sepsis, n = 1) and stroke due to central nervous system (CNS) vasculitis (n = 1) (Table 1).

The majority (n = 7) of the patients carried pathogenic RAG1 variants, while one patient was compound heterozygous for pathogenic RAG2 variants. To our knowledge, this is the first reported case of RAG2 deficiency and vasculitis. There was no significant difference in the relative recombinase activity level between RAG variants presenting with or without vasculitis and between severe and mild vasculitis manifestation (Figure 1F).



Detailed Clinical Description of Vasculitis and Treatment Outcome in Patients With RAG Deficiency

Childhood vasculitis is classified based on vessel size, including large, medium, and small vessel vasculitis (30). Detailed clinical information of vasculitis was available in 7 patients with RAG deficiency. In our cohort, we observed predominately non-granulomatous-small vessel vasculitis (n = 5), including one case of Henoch-Schönlein purpura (IgA vasculitis), one case of cutaneous leukocytoclastic vasculitis and 3 cases of unspecified non-granulomatous-small vessel vasculitis. Two patients displayed medium vessel vasculitis, one case of childhood polyarteritis nodosa and one case of Kawasaki disease. There were no cases of large vessel nor granulomatous-small vessel vasculitis identified (Figure 2A). Vasculitis was diagnosed based on clinical history, serology, imaging, and/or biopsy (Table 1). The disease was complicated by severe end organ complications. In particular, skin involvement was seen in all seven patients, and digital necrosis in four CNS vasculitis and cardiovascular complications were seen in one patient each (Figure 2B).
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FIGURE 2. Detailed description of vasculitis and treatment outcome in patients with RAG deficiency. (A) Relative frequency of large, medium and small vasculitis among RAG patients (B) Relative frequency of target organs affected by vasculitis (C) Relative frequency of potential infectious trigger preceding episodes of vasculitis. (D) Prevalence of autoantibodies among RAG patients. Anti-cytokine included antibodies against IFN α, ω, and IL-12. Other autoantibodies included anti-erythrocyte, platelet, dsDNA, TPO, TG, ALPA antibodies. (E) Treatment strategies used in patients with vasculitis due to RAG deficiency (F) Treatment response scored for first line (steroids ± IVIG), second line (biologicals or immunosuppressives), or third line (Haematopoietic stem cell transplantation) was scored using the following criteria: “non,” no clinical response or side effects were limiting; “partial,” clinical improvement but therapeutic escalation was required; or “full,” clinical improvement with no escalation. (G) Kaplan-Meier curves comparing survival of RAG-deficient patients with severe, systemic multiorgan vasculitis that underwent HSCT (n = 3, dashed line), patients with severe, systemic multiorgan vasculitis that received first/second line therapy (n = 2, dotted line) and patients with mild, skin limited vasculitis (n = 3, straight line). (H) Kaplan-Meier curves comparing survival of RAG-deficient patients with vasculitis (n = 3, dashed line) and RAG-deficient patients without vasculitis (n = 39, straight line) that underwent HSCT (ns statistically not significant, **p ≤ 0.01).


Vasculitis may develop as a result of infectious or non-infectious triggers (31). We therefore tried to correlate potential infectious triggers with the onset of vasculitis. Five patients developed vasculitis following viral infection (varicella zoster virus, adenovirus, or respiratory syncytial virus) or administration of attenuated vaccine (measles, mumps, and rubella), four patients had bacterial infections (E. faecalis, C. difficile, Enterobacteria, Streptococcus spp.), two patients had fungal infection (Candida). No correlation of a potential infectious trigger and development of vasculitis could be identified in two patients (Figure 2C). The median duration of time elapsed from viral infections or vaccination to the development of vasculitis was 5 months (range 0–9 months, n = 5) (data not shown).

In addition, we analyzed if autoantibodies associated with systemic vasculitis can be used as a diagnostic biomarker in RAG deficient patients. The majority of the patients were anti-neutrophil cytoplasmic antibodies (ANCA) and antinuclear antibodies (ANA) negative (ANCA-negative: 5/6; ANA-negative: 5/7). However, 4 out of 5 patients were positive for anti-cytokine antibodies (targeting IFN-α, -ω, and IL-12), confirming what has been described in previous reports (29) (Figure 2D).

Topical and systemic steroids [± immunoglobulin replacement therapy (IgRT)] were used in all patients as first line therapy and were sufficient to induce remission of vasculitis limited to skin manifestations in three patients. First (steroids, IVIG) and second-line treatment (cyclophosphamide, azathioprine rituximab, and alemtuzumab) had limited effectiveness in four patients with severe, systemic multiorgan complications. Three patients were referred for HSCT as third line therapeutic approach, leading to remission of vasculitis in all of them (Figures 2E,F). Comparisons of overall survival between first/second line treatment and HSCT revealed no statistically significant difference. Patients with severe/multiorgan complications that underwent HSCT (n = 3) had a median survival of 6 years, whereas patients with severe complications that received first/second line treatment (n = 2) had a median survival of 7 years. Patients with mild, skin-limited vasculitis (n = 3) had a median survival of 15 years (Figure 2G). RAG deficient patients with vasculitis (median survival 6 years) that were treated with HSCT had an overall worse outcome than patients without vasculitis that underwent HSCT (median survival 21 years, p = 0,0018) (Figure 2H).



Phenotypic Description of RAG Deficient Patients With Vasculitis

Next, we compared the immunologic phenotype of RAG deficient patients with vasculitis to those without vasculitis and healthy pediatric and adult controls. The dominant laboratory feature among patients with vasculitis associated with pRD was a severe T cell lymphopenia [mean T cell count: 220 cells/μl (range 65–727), p = 0.0073]. In comparison, T cell lymphopenia was less pronounced in patients with pRD and immune dysregulation but without vasculitis (mean T cell count: 635 cells/μl; range 106–2,678). We observed a trend toward lower counts of CD4+ T cells (mean: 104 cells/μl; range: 30–611, p = 0.0577) and of naïve CD4+ T cells (mean: 5 cells/μl; range 1.69–8.5, p = 0.0991) in vasculitis patients than in the non-vasculitis group (CD4+ T cells, mean: 257 cells/μl; range 66–958; naïve CD4+ T cells, mean: 7 cells/μl; range 0.04–47), although this did not reach significance. Interestingly, all patients with vasculitis were severely CD8+ T cell lymphopenic with a mean of 81 cells/μl (range 7–194, p = 0.0116) compared to the non-vasculitis group (mean CD8+ cells count: 304 cells/μl; range 11–1,731). B cell counts were variably low compared to controls with a mean of 81 cells/μl (range 6–359). There was no significant difference in NK cell numbers between different groups (Figure 3A). T cell proliferation to phytohemagglutinin (PHA) was comparable between patients with vasculitis (in average 25,601 cpm) and patients without vasculitis (in average 21,000 cpm) (data not shown). IgG levels could not be assessed because the majority of the patients were on IgRT, and no native IgG levels were recorded. IgA (85.2 mg/dl, 0–200) and IgM (112.6 mg/dl, 16–230) serum levels were highly variable, and no significant difference to non-vasculitis pRD patients could be observed. Elevated IgE was detected in 4/6 of cases (Figure 3B).
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FIGURE 3. Lymphocyte cell counts and serum immunoglobulins in patients with vasculitis due to RAG deficiency. (A) CD3+ T cells, CD4+ T cells, naïve CD4+CD45RA+ T cells, CD8+ T cells, CD56+ NK cells, and CD19+ B cells of age-matched healthy controls (n = 25), RAG deficient patients with (n = 8) without (n = 46) vasculitis (B) Immunoglobulin titers of age-matched healthy controls (n = 25) RAG deficient patients with (n = 8) without (n = 46) vasculitis. Dashed line represents normal values. Statistically significant differences obtained in intergroup comparisons were confirmed by Mann Whitney U-test. Values of p < 0.05 were considered as significant (ns statistically not significant, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001).





DISCUSSION

In the last decade, the spectrum of PIDs has extended from being defined by a susceptibility to infections alone to include features of immune dysregulation (29). A recent study of the French national PID registry observed a wide range of autoimmune and autoinflammatory complication (26.2%) among PID patients (32). All types of PIDs were associated with a risk to develop immune dysregulation, although T-cell PIDs and CVID appear to have the greatest risk (32). Among PIDs with CID with immune dysregulation, partial RAG deficiency is one of the most common entities (33, 34). Initially found to account for T- and B-cell-negative SCID, pathogenic RAG gene variants have been subsequently associated with a broader spectrum of phenotypes, including autoimmunity and immune dysregulation (13).

Herein, we have presented vasculitis as key component of morbidity among patients with hypomorphic RAG variants. Vasculitis was associated with a high mortality rate of 62.5% and a reduced median survival of 15 years. Although RAG-mutated patients with vasculitis were recognized earlier than those without vasculitis, their overall survival and life expectancy were severely reduced, confirming that autoimmunity worsens the prognosis in patients with PIDs. Treatment strategies need to be carefully examined to balance the efficacy and toxicity of biologic and non-biologic immunosuppressive drugs in RAG deficient patients.

Abnormalities of central and peripheral T and B cell tolerance play key mechanisms in immune dysregulation in patients with hypomorphic RAG variants. Central B cell tolerance is affected by a failure to reexpress the RAG complex during receptor editing of immature B cells in the bone marrow (35). Peripheral B cell tolerance is disturbed by an inability to deplete anergic self-reactive B cells due to survival in a milieu with increased BAFF levels (36, 37). Impaired B cell tolerance in RAG deficiency is highlighted by a wide spectrum of serum autoantibodies, including neutralizing antibodies against interferon-α, interferon-ω, and IL12 observed in our cohort. The majority of RAG deficient patients with vasculitis were positive for anti-cytokine antibodies, which were demonstrated to aggravate immune dysregulation, hyperinflammation with increased type-1 interferon signature and increased susceptibility to prolonged viral infection (29). As an example, for hyperinflammation in the setting of infections, it has been described for vaccine-derived rubella in cutaneous granuloma formation in RAG deficient patients (38). While we tried to correlate the development of vasculitis with potential infectious trigger, further research needs to be done to identify a causative trigger.

Recent studies have identified vasculitis as an uncommon complication of PIDs, having been observed in 1–1.6% of the patients reported in the French national PID registry and in the USIDNET registry (32, 39). In contrast, we identified vasculitis to be a prevalent complication among patients with hypomorphic RAG variants and immune dysregulation (12.9%). Similar to RAG deficiency, there are other PIDs specifically associated with vasculitis. The differential diagnosis should include ADA2 deficiency (40), CVID (38%) Wiskott-Aldrich syndrome (WAS) (26%) (39). Unlike in ADA2 deficiency, where stroke is predominant, in our cohort of 8 patients, only one patient had a stroke.

We have recently reported that pathogenic variants in the RAG genes can result in significant phenotypic variability, and may occur in 1 in 500 patients with antibody deficiency, including CVID (41). We therefore recommend that partial RAG deficiency should be considered for patients with antibody deficiency and vasculitis, especially when associated with other autoimmune manifestations, and/or progressive T cell lymphopenia. Autoantibodies that are frequently associated with typical forms of vasculitis may be lacking in patients with hypomorphic RAG variants, as indicated by the fact that the majority of patients presented with ANCA negative small vessel vasculitis. Therefore, conventional vasculitis autoantibody panel should be extended to test for antibodies targeting cytokines, and in particular IFN-α, -ω, and IL-12 (29).

Given the importance of providing optimal care for patients with PIDs, further prospective studies are needed to identify potential pathogenic mechanisms and help guide in the development of optimal treatment of vasculitis in patients with RAG deficiency.



DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the article/Supplementary Material.



ETHICS STATEMENT

Clinical data were collected, and research laboratory studies were performed on de-identified samples under IRB approved protocols at University of South Florida (IRB protocol #Pro00025693 at University of South Florida for JW). Written informed consent to participate in this study was provided by the participants' legal guardian/next of kin.



AUTHOR CONTRIBUTIONS

CG conceived the presented idea, interpreted and analyzed the results, and wrote the manuscript. JF, ZF, BU, and JS curated the patient database, assisted with data interpretation performed functional assays. JWS, SP, MD, S-YP, LH, MH, BN, DM, SS, SM, PY, EN, SÖ, KB, JF, and HW provided clinical data. ME, LN, and LC reviewed the clinical information presented. JW encouraged to describe this cohort and clinical course in the context of internationally accepted guidelines and supervised the findings of this work. All authors discussed the results and contributed and agreed to the final manuscript.



FUNDING

This work was supported by the National Institutes of Health (sub-R01AI100887-05 to JW), Robert A. Good Endowment, University of South Florida (to JW), and Jeffrey Modell Foundation (to JW). LN was supported by the Division of Intramural Research, National Institute of Allergy.



REFERENCES

 1. Schatz DG, Oettinger MA, Baltimore D. The V(D)J recombination activating gene, RAG-1. Cell. (1989) 59:1035–48. doi: 10.1016/0092-8674(89)90760-5

 2. Oettinger MA, Schatz DG, Gorka C, Baltimore D. RAG-1 and RAG-2, adjacent genes that synergistically activate V(D)J recombination. Science. (1990) 248:1517–23. doi: 10.1126/science.2360047

 3. Schwarz K, Gauss GH, Ludwig L, Pannicke U, Li Z, Lindner D, et al. RAG mutations in human B cell-negative SCID. Science. (1996) 274:97–9. doi: 10.1126/science.274.5284.97

 4. Villa A, Santagata S, Bozzi F, Giliani S, Frattini A, Imberti L, et al. Partial V(D)J recombination activity leads to omenn syndrome. Cell. (1998) 93:885–96. doi: 10.1016/S0092-8674(00)81448-8

 5. Schuetz C, Huck K, Gudowius S, Megahed M, Feyen O, Hubner B, et al. An immunodeficiency disease with RAG mutations and granulomas. N Engl J Med. (2008) 358:2030–8. doi: 10.1056/NEJMoa073966

 6. Henderson LA, Frugoni F, Hopkins G, de Boer H, Pai S-Y, Lee YN, et al. Expanding the spectrum of recombination-activating gene 1 deficiency: a family with early-onset autoimmunity. J Allergy Clin Immunol. (2013) 132:969–71.e1–2. doi: 10.1016/j.jaci.2013.06.032

 7. Abolhassani H, Wang N, Aghamohammadi A, Rezaei N, Lee YN, Frugoni F, et al. A hypomorphic recombination-activating gene 1 (RAG1) mutation resulting in a phenotype resembling common variable immunodeficiency. J Allergy Clin Immunol. (2014) 1:20–2. doi: 10.1016/j.jaci.2014.04.042

 8. Hedayat M, Massaad MJ, Lee YN, Conley ME, Orange JS, Ohsumi TK, et al. Lessons in gene hunting: A RAG1 mutation presenting with agammaglobulinemia and absence of B cells. J Allergy Clin Immunol. (2014) 134:983–5.e1. doi: 10.1016/j.jaci.2014.04.037

 9. Geier CB, Piller A, Linder A, Sauerwein KMT, Eibl MM, Wolf HM. Leaky RAG deficiency in adult patients with impaired antibody production against bacterial polysaccharide antigens. PLoS ONE. (2015) 10:e0133220. doi: 10.1371/journal.pone.0133220

 10. Kuijpers TW, IJspeert H, van Leeuwen EMM, Jansen MH, Hazenberg MD, Weijer KC, et al. Idiopathic CD4+ T lymphopenia without autoimmunity or granulomatous disease in the slipstream of RAG mutations. Blood. (2011) 117:5892–96. doi: 10.1182/blood-2011-01-329052

 11. Chou J, Hanna-Wakim R, Tirosh I, Kane J, Fraulino D, Lee YN, et al. A novel homozygous mutation in recombination activating gene 2 in 2 relatives with different clinical phenotypes: Omenn syndrome and hyper-IgM syndrome. J Allergy Clin Immunol. (2012) 130:1414–6. doi: 10.1016/j.jaci.2012.06.012

 12. Reiff A, Bassuk AG, Church JA, Campbell E, Bing X, Ferguson PJ. Exome sequencing reveals RAG1 mutations in a child with autoimmunity and sterile chronic multifocal osteomyelitis evolving into disseminated granulomatous disease. J Clin Immunol. (2013) 33:1289–92. doi: 10.1007/s10875-013-9953-7

 13. Farmer JR, Foldvari Z, Ujhazi B, De Ravin SS, Chen K, Bleesing JJH, et al. Outcomes and treatment strategies for autoimmunity and hyperinflammation in patients with RAG deficiency. J Allergy Clin Immunol Pract. (2019) 7:1970–85.e4. doi: 10.1016/j.jaip.2019.02.038

 14. Carmona FD, Martín J, González-Gay MA. Genetics of vasculitis. Curr Opin Rheumatol. (2015) 27:10–7. doi: 10.1097/BOR.0000000000000124

 15. Liu L, Okada S, Kong X-F, Kreins AY, Cypowyj S, Abhyankar A, et al. Gain-of-function human STAT1 mutations impair IL-17 immunity and underlie chronic mucocutaneous candidiasis. J Exp Med. (2011) 208:1635–48. doi: 10.1084/jem.20110958

 16. Booth C, Gilmour KC, Veys P, Gennery AR, Slatter MA, Chapel H, et al. X-linked lymphoproliferative disease due to SAP/SH2D1A deficiency: a multicenter study on the manifestations, management and outcome of the disease.[Erratum appears in Blood. 2011 Nov 3;118(18):5060 Note: Pachlopnick-Schmid, Jana [corrected to Pachlopnik]]. Blood. (2011) 117:53–62. doi: 10.1182/blood-2010-06-284935

 17. McCluggage WG, Armstrong DJ, Maxwell RJ, Ellis PK, McCluskey DR. Systemic vasculitis and aneurysm formation in the wiskott-aldrich syndrome. J Clin Pathol. (1999) 52:390–2. doi: 10.1136/jcp.52.5.390

 18. Negroni A, Pierdomenico M, Cucchiara S, Stronati L. NOD2 and inflammation: current insights. J Inflamm Res. (2018) 11:49–60. doi: 10.2147/JIR.S137606

 19. Nanthapisal S, Eleftheriou D, Gilmour K, Leone V, Ramnath R, Omoyinmi E, et al. Cutaneous vasculitis and recurrent infection caused by deficiency in complement factor I. Front Immunol. (2018) 9:735. doi: 10.3389/fimmu.2018.00735

 20. Elkan PN, Pierce SB, Segel R, Walsh T, Barash J, Padeh S, et al. Mutant adenosine deaminase 2 in a polyarteritis nodosa vasculopathy. N Engl J Med. (2014) 370:921–931. doi: 10.1056/NEJMoa1307362

 21. De La Salle H, Zimmer J, Fricker D, Angenieux C, Cazenave JP, Okubo M, et al. HLA class I deficiencies due to mutations in subunit 1 of the peptide transporter TAP1. J Clin Invest. (1999) 103:15687. doi: 10.1172/JCI5687

 22. Delmonte OM, Schuetz C, Notarangelo LD. RAG deficiency: two genes, many diseases. J Clin Immunol. (2018) 38:646–55. doi: 10.1007/s10875-018-0537-4

 23. Tangye SG, Al-Herz W, Bousfiha A, Chatila T, Cunningham-Rundles C, Etzioni A, et al. Human inborn errors of immunity: 2019 update on the classification from the international union of immunological societies expert committee. J Clin Immunol. (2020) 40:24–64. doi: 10.1007/s10875-019-00737-x

 24. Lee YN, Frugoni F, Dobbs K, Walter JE, Giliani S, Gennery AR, et al. A systematic analysis of recombination activity and genotype-phenotype correlation in human recombination-activating gene 1 deficiency. J Allergy Clin Immunol. (2014) 133:1099–108. doi: 10.1016/j.jaci.2013.10.007

 25. Tirosh I, Yamazaki Y, Frugoni F, Ververs FA, Allenspach EJ, Zhang Y, et al. Recombination activity of human recombination-activating gene 2 (RAG2) mutations and correlation with clinical phenotype. J Allergy Clin Immunol. (2018) 143:P726–35. doi: 10.1016/j.jaci.2018.04.027

 26. Sharapova SO, Migas A, Guryanova I, Aleshkevich S, Kletski S, Durandy A, et al. Late-onset combined immune deficiency associated to skin granuloma due to heterozygous compound mutations in RAG1 gene in a 14 years old male. Hum Immunol. (2013) 74:18–22. doi: 10.1016/j.humimm.2012.10.010

 27. Taşkiran EZ, Sönmez HE, Ayvaz D, Koşukcu C, Batu ED, Esenboga S, et al. Hypomorphic RAG1 defect in a child presented with pulmonary hemorrhage and digital necrosis. Clin Immunol. (2018) 187:92–4. doi: 10.1016/j.clim.2017.10.010

 28. Wu KY, Purswani P, Ujhazi B, Csomos K, Snezhina M, Elissaveta N, et al. Arthritis in two patients with partial recombination activating gene deficiency. Front Pediatr. (2019) 7:235. doi: 10.3389/fped.2019.00235

 29. Walter JE, Rosen LB, Csomos K, Rosenberg JM, Mathew D, Keszei M, et al. Broad-spectrum antibodies against self-antigens and cytokines in RAG deficiency. J Clin Invest. (2015) 125:4135–48. doi: 10.1172/JCI80477

 30. Ozen S, Pistorio A, Iusan SM, Bakkaloglu A, Herlin T, Brik R, et al. EULAR/PRINTO/PRES criteria for henoch-schönlein purpura, childhood polyarteritis nodosa, childhood wegener granulomatosis and childhood takayasu arteritis: ankara 2008. Part II: Final classification criteria. Ann Rheum Dis. (2010) 69:798–806. doi: 10.1136/ard.2009.116657

 31. van Timmeren MM, Heeringa P, Kallenberg CGM. Infectious triggers for vasculitis. Curr Opin Rheumatol. (2014) 26:416–23. doi: 10.1097/BOR.0000000000000068

 32. Fischer A, Provot J, Jais JP, Alcais A, Mahlaoui N, Adoue D, et al. Autoimmune and inflammatory manifestations occur frequently in patients with primary immunodeficiencies. J Allergy Clin Immunol. (2017) 140:1388–93.e8. doi: 10.1016/j.jaci.2016.12.978

 33. Speckmann C, Doerken S, Aiuti A, Albert MH, Al-Herz W, Allende LM, et al. A prospective study on the natural history of patients with profound combined immunodeficiency: An interim analysis. J Allergy Clin Immunol. (2017) 139:1302–10.e4. doi: 10.1016/j.jaci.2016.07.040

 34. Sharapova SO, Skomska-Pawliszak M, Rodina YA, Wolska-Kuśnierz B, Dabrowska-Leonik N, Mikołuć B, et al. The clinical and genetic spectrum of 82 patients with RAG deficiency including a c.256_257delAA founder variant in slavic countries. Front Immunol. (2020) 11:900. doi: 10.3389/fimmu.2020.00900

 35. Ott de Bruin LM, Bosticardo M, Barbieri A, Lin SG, Rowe JH, Poliani PL, et al. Hypomorphic Rag1 mutations alter the preimmune repertoire at early stages of lymphoid development. Blood. (2018) 132:281–92. doi: 10.1182/blood-2017-12-820985

 36. Cassani B, Poliani PL, Marrella V, Schena F, Sauer A. V., Ravanini M, et al. Homeostatic expansion of autoreactive immunoglobulin-secreting cells in the Rag2 mouse model of omenn syndrome. J Exp Med. (2010) 207:1525–40. doi: 10.1084/jem.20091928

 37. Walter JE, Rucci F, Patrizi L, Recher M, Regenass S, Paganini T, et al. Expansion of immunoglobulin-secreting cells and defects in B cell tolerance in Rag-dependent immunodeficiency. J Exp Med. (2010) 207:1541–54. doi: 10.1084/jem.20091927

 38. Buchbinder D, Hauck F, Albert MH, Rack A, Bakhtiar S, Shcherbina A, et al. Rubella virus-associated cutaneous granulomatous disease: a unique complication in immune-deficient patients, not limited to dna repair disorders. J Clin Immunol. (2019) 39:81–9. doi: 10.1007/s10875-018-0581-0

 39. Byram K, Calabrese LH, Fernandez J. Comorbid vasculitis among patients in a national primary immunodeficiency database. Arthritis Rheumatol. (2018) 70(suppl 10):kez059.009. doi: 10.1093/rheumatology/kez059.009

 40. Meyts I, Aksentijevich I. Deficiency of adenosine deaminase 2 (DADA2): updates on the phenotype, genetics, pathogenesis, and treatment. J Clin Immunol. (2018) 38:569–78. doi: 10.1007/s10875-018-0525-8

 41. Lawless D, Geier CB, Farmer JR, Lango Allen H, Thwaites D, Atschekzei F, et al. Prevalence and clinical challenges among adults with primary immunodeficiency and recombination-activating gene deficiency. J Allergy Clin Immunol. (2018) 141:7. doi: 10.1016/j.jaci.2018.02.007

Conflict of Interest: ME was employed by Biomedizinische Forschungs GmbH.

The remaining 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.

Copyright © 2020 Geier, Farmer, Foldvari, Ujhazi, Steininger, Sleasman, Parikh, Dilley, Pai, Henderson, Hazen, Neven, Moshous, Sharapova, Mihailova, Yankova, Naumova, Özen, Byram, Fernandez, Wolf, Eibl, Notarangelo, Calabrese and Walter. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fimmu-11-574738-g003.gif
‘v

e

P

'

77

LT AL

SIF A

e
72

S

P






OPS/images/fimmu-11-574738-t001.jpg
Patient 1

Patient 2

Patient 3

Patient 4

Patient 5

Patient 6

Patient 7

Palient 8

Age

s

27

a8
s

34
yrs

15

s

s

75
yrs

Gene

PRAGT

PRAGT

RAGT

PRAGT

RAG2

RAGT

RAGT

PRAGT

Mutation

aWs22C
bHIUR

a.RIVC
b.Ma35V

amiv
bR737TH

aRra41Q
bFO7AL

2.G35A
bA4S6D

afs188X
bAddaY

abAdaav

activity

a.41.6%

b.na

2.06%
b.236%

ana
b.02%

a.0%
b.565%

a22.1%
b.na.

a.27%
b.1.4%

ab,
1.4%

ab.
19.3%

RAG
phenotype

CID-G/Al

CID-G/Al

CiD-G/Al

CID-G/Al

CID-G/Al

CID-G/Al

cID-G/Al

CID-G/Al

Type of
vasculitis

Henoch
‘schonlein
purpura

Non-
granulomatous-
‘small vessel
vascuis

Leukocytoclastic
vascuiis

Non-
granulomatous-
smal vessel
vascuiis

na.

Non-
granulomatous-
‘small vessel
vascuiis

Kawasaki

disease

Polyarteritis
nodosa

Severity of
vasculitis

Severe/
mutiorgan
(oNs
vasculis,
stroke)
Severe/
mutiorgan
(digitel
necrosis)

Mid/skin only

Sovere/
multorgan
(cigital
necrosis)

Severe/
mutiorgan
na)

Mild/

siin only

Milc/
skin only

Sovere/
mutiorgan
(digial
necrosis)

Ageat
onset

of
vasculitis

25y

15y1s

05yrs

05yrs.

125

15yrs

25y

Diagnosis Autoantibodies Other

Serology

Imaging

Serology

Imaging

Biopsy
Serology

Imaging

Biopsy
Serology

Imaging

na.

Serology
Imaging

Biopsy
Serology

Serology

Biopsy

Anti-AFN-o/e,
antiIL12,
Coombs+
p-ANCA

Anti-AFN-o/e,
antiL12,
Coombs+

AntiFN-a,
ANA,
anti-dsDNA,
RF, anti-
TG/TPO/TSHR
APLA,
Goombs+,
anti-platelet,
anti-TPO

Anti-AFN-a,

Autoimmunity

AHA

AHA

None

AHA, TP,
N,
infamatory
myopathy,
A

Cutaneous
granulomatosis

Macrophage
activation
syndrome
(MAS), SLE
AHA

Steroids

Steroids,
MG

Steroids,
MG

Steroids,
NG

Steroids,
MG

Steroids.

Steroids

Treatment

Second-Line

Gyclophospharnide.

rituximab

Rituximab

Aemtuzumab

Gyclophospharmide.
azathioprine

Third-
Line

HSCT
(MUD)

HSCT
(MUD)

HSCT
na)

Respose  Overall

to
therapy

Good

Poor

Good

Good

Good

Good

Good

Partial

outcome.
(cause of
death)

Deceased,
6yrs
(stroke)

Deceased,
27y
(diopathic
preumonia
syndrome)
Deceased,
48y1s
(COPD)

Deceased,
2ys
(enterobacter
sopsis)

Alive
Doceased,
15y

(puimonary
fibrosis)

Aive

Aive

Reference

Unpublshed

Unpublshed

(U]

[G)

Unpublshed

)

)

en






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Vasculitis as a Major Morbidity Factor in Patients With Partial RAG Deficiency



		Introduction



		Materials and Methods



		Results



		Demographics and Clinical Characterization of Patients With Vasculitis due to RAG Deficiency



		Detailed Clinical Description of Vasculitis and Treatment Outcome in Patients With RAG Deficiency



		Phenotypic Description of RAG Deficient Patients With Vasculitis







		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		References

















OPS/images/cover.jpg
, frontiers
in Immunology

Vasculitis as a Major Morbidity
Factor in Patients With Partial RAG
Deficiency





OPS/images/fimmu-11-574738-g001.gif
P

S0

74

o —

Potons Ao [%.08) @






OPS/images/fimmu-11-574738-g002.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Immunology





