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X-linked hyper-IgM (XHIGM) syndrome is caused by mutations of the CD40LG gene, encoding the CD40L protein. The clinical presentation is characterized by early-onset infections, with profound hypogammaglobulinemia and often elevated IgM, susceptibility to opportunistic infections, such as Pneumocystis jirovecii pneumonia, biliary tract disease due to Cryptosporidium parvum, and malignancy. We report a 41-year-old male presenting with recurrent leishmaniasis, hypogammaglobulinemia, and myopathy. Whole-exome sequencing (WES) identified a missense variant in the CD40LG gene (c.107T>A, p.M36K), involving the transmembrane domain of the protein and a missense variant in the carnitine palmitoyl-transferase II (CPT2; c.593C>G; p.S198C) gene, leading to the diagnosis of hypomorphic XHIGM and CPT2 deficiency stress-induced myopathy. A review of all the previously reported cases of XHIGM with variants in the transmembrane domain showcased that these patients could present with atypical clinical features. Variants in the transmembrane domain of CD40LG act as hypomorphic generating a protein with a lower surface expression. Unlike large deletions or extracellular domain variants, they do not abolish the interaction with CD40, therefore preserving some biological activity.
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Introduction

CD40 ligand (CD40L) deficiency is a combined immunodeficiency (CID), characterized by a defective T–B lymphocyte cross talk and class-switch recombination (CSR) (1), also called X-linked hyper-IgM syndrome (XHIGM). It is caused by mutations of the CD40LG gene located in the long arm of the X chromosome (Xq26.3) (2). CD40L, also known as CD154, is a transmembrane protein transiently expressed mainly on activated CD4+ T cells but also in other cell types. It binds CD40, also known as TNFRSF5, expressed on B lymphocytes, dendritic cells, and monocytes/macrophages. Acting as a costimulatory signal, the CD40–CD40L interaction mediates CSR in B cells and leads in APCs to the upregulation of MHC-II, LFA-3, B7, and B7-1 promoting antigen presentation, priming, and cross-priming of T helper cells and cytotoxic T lymphocytes, and cytokine release including secretion of IL-1, IL-6, IL-8, IL-12, TNF-α, and MIP-1α (3, 4). CD40L is a 32-kD protein of 261 amino acids, containing an intracytoplasmic tail (IC), a short transmembrane (TM) domain, and an extracellular portion (EC) with a TNF-homology domain (5). The CD40LG gene contains 5 exons; the first exon encodes for the IC and TM domains. Most reported variants in XHIGM are stop-gain, frameshift deletions, splicing variants, or missense variants in the extracellular domain, abolishing protein expression and/or interaction with CD40. A few variants have been reported in the IC and TM domains (6). The classic presentation of XHIGM includes childhood severe opportunistic infections, neutropenia, and liver disease. Serum IgG, IgA, and IgE are usually markedly reduced, while IgM can be increased or within normal limits (1). With the widespread use of unbiased next-generation sequencing approaches, like whole-exome (WES) and whole-genome sequencing (WGS), the phenotypic spectrum of several diseases is expanding. Herein, we review atypical and late-onset presentations of XHIGM syndrome and their genotype–phenotype correlation and report a new case of an adult presenting with recurrent mucocutaneous leishmaniasis, hypogammaglobulinemia, and recurrent elevated creatinine phosphokinase.



Methods

Whole-exome sequencing (WES) was employed to search for genetic variants. DNA was extracted from peripheral whole blood. Libraries were made using the SeqCap EZ Exome v3 (Roche NimbleGen, Pleasanton, CA, USA) capture kit and sequenced on an Illumina NextSeq 550 platform. Reads were aligned to the reference genome Grch37 (hg19) using the Burrows–Wheeler Aligner (BWA). Variant calling was done using the GATK-unified genotyper module. Variant annotation was done using ANNOVAR. A panel of genes associated with inborn errors of immunity was used to prioritize candidate variants. The panel included the “Primary Immunodeficiency” PanelApp (version 2.384) gene panel and the genes in the 2019 IUIS IEI classification.

Lymphocyte populations and subpopulations were measured from fresh EDTA blood samples using multicolor flow cytometry panels (Supplementary Table 1). Data were acquired on a FACSCanto II (BD Biosciences, Franklin Lakes, NJ, USA) and analyzed using FACSDiva software (BD Biosciences).

CD40L expression was measured on peripheral blood mononuclear cells (PBMC) separated by density gradient centrifugation (Ficoll). PBMCs were stimulated with phorbol 12-myristate 13-acetate (PMA) and ionomycin for 2 h, and membrane staining was done using PE-conjugated anti-CD40L (BD Biosciences), FITC-conjugated anti-CD4 (BD Biosciences), V450-conjugated anti-CD3 (BD Biosciences), and APC-conjugated anti-CD8 (BD Biosciences). Data were acquired on a BD LSR II flow cytometer (BD Biosciences) and analyzed with the FlowJo software (BD Biosciences).

T-cell proliferation assay was performed after fluorescent intracellular labeling with carboxyfluorescein succinimidyl ester (CFSE): briefly, PBMCs were stained with CFSE and after an overnight incubation at 37°C 5% CO2 were stimulated with or without phytohemagglutinin (PHA) 1% or anti-human CD3/CD28 monoclonal antibodies for 3 and 5 days. Data were acquired on a BD LSR II flow cytometer (BD Biosciences) and analyzed by the FACSDiva software (BD Biosciences). Relative proliferation was calculated for total CD3+ lymphocytes and separately for CD4+ and CD8+ T lymphocytes using the difference between the geometric mean of the stained non-proliferating cells and the geometric mean of the total stained population.

Cytokine production was evaluated by intracytoplasmic staining. Briefly, T cells were stimulated with PMA plus ionomycin for 6 h, the last three in the presence of brefeldin A. Cells were then fixed in formaldehyde and analyzed for intracellular cytokine production on a BD LSR II flow cytometer (BD Biosciences). Data were analyzed with the FlowJo software (BD Biosciences). Fluorochrome-conjugated monoclonal antibodies are listed in Supplementary Table 1.

ClinVar and HGMD databases were searched for pathogenic CD40LG variants. We used PubMed using the keywords “CD40LG deficiency,” “CD40L deficiency,” and “Hyper-IgM syndrome,” and the manuscripts referenced within those papers for the literature review.

Muscle biopsy specimens from a surgical biopsy of the rectus femoralis muscle were snap-frozen in isopentane chilled in liquid nitrogen. Cryostat sections were submitted to routine histological and histochemical stains, as well as to immunohistochemistry for MHC I, MHC II, and complement membrane attack complex (MAC).



Results

Case presentation. A 41-year-old Caucasian male with laryngeal and facial mucocutaneous leishmaniasis in treatment with intravenous liposomal amphotericin B was admitted to our hospital because of elevated creatinine kinase (CK)—more than 100 upper limit of normal—in the absence of myalgia or muscle weakness. He was born to non-consanguineous parents. His father died in his 60s from gastric adenocarcinoma, while his mother was in good health. His brother died at 20 years of age from an unspecified lymphoproliferative disease. He had three sisters, and one of them suffered from chronic myalgias (Figure 1A). He worked as a construction worker. He lived in a small town in the province of Florence, Italy, and reported having previously traveled in Spain and France for vacation, while he denied having never traveled outside Europe. His past medical history was notable for visceral leishmaniasis at age 13, recurrent otitis and an episode of bronchopneumonia during childhood, and unexplained elevated CK on several occasions that were attributed to his occupation and to boxing that he played in his spare time. In 2013, at the age of 35, the patient developed periorbital swelling of the left side of the face, associated with mild erythema and skin thickening that was diagnosed as Morbihan’s disease. The swelling did not improve with retinoid treatment and transiently responded to low-dose steroid (Figure 1B). A few years later, in January 2019 at the age of 40, hoarseness and dysphonia appeared. Laryngoscopy found lesions involving the false right cord, the true vocal cords, and the anterior commissure. Histopathology and PCR of the laryngeal biopsies were positive for Leishmania spp. Retrospectively, the paraffin-included cutaneous samples from the left lower eyelid in 2015 were also found to be positive by PCR for Leishmania spp. Leishmania serology and PCR for leishmania on blood (immunofluorescence antibody test) were negative.




Figure 1 | Clinical presentation and genetic analysis. (A) Family pedigree, black background used for CD40LG variant. (B, C) Periorbital swelling. (D) Timeline of clinical events and therapy. (E) Tfh in the index patient and a representative control (gated on CD3+CD4+ lymphocytes from whole-blood). (F) Sanger sequencing of CD40LG (NM_000074) c.107T>A p.Met36Lys.



A diagnosis of mucocutaneous leishmaniasis was made. The patient was treated with intravenous liposomal amphotericin B (4 mg/kg/day for a total of 14 infusions), but after the first infusions he developed hyperCKemia. The pretreatment levels of CK were slightly elevated up to twice the upper limit normal (ULN). Upon admission, the CK levels rose to over ten times the ULN and were associated with an increase in serum creatinine. For this reason, in April 2019 he was admitted to our hospital for further evaluation and an immunology consult was requested in the suspicion of dermatomyositis. On examination, the patient presented in good general conditions. He had bilateral orbital swelling (Figure 1C). An electromyography and successively a muscle biopsy were performed to exclude an inflammatory myopathy, despite the long-standing history of elevated CK. Myositis-associated and specific autoantibodies were negative. Nonetheless, because of the Leishmania infection, the suspicion of an immunodeficiency was raised. A timeline of clinical events is reported in Figure 1D. Peripheral complete blood count was unremarkable, and he had normal T CD4+ and slightly elevated T CD8+ counts with a reduced CD4+/CD8+ ratio and reduced NK and B cells. Serum IgG levels were reduced, with borderline low IgA and normal to borderline elevated IgM. The B lymphocyte subpopulation showed a defect in the memory compartment, with markedly low switched-memory B cells (Supplementary Table 2). T-lymphocyte subpopulations were within the reference limits, except for reduced Tfh cells (Figure 1E and Supplementary Table 2). There was no history of liver and biliary tract disease or neutropenia. The patient was meeting criteria for CVID, even if he did not have a clear history of respiratory tract infections. However, because of the opportunistic persistent infection, further genetic studies were sought.

WES identified a missense variant in the CD40LG gene (c.107T>A, p.M36K). The variant was confirmed by Sanger sequencing (Figure 1F) and was found only in the proband. It was not possible to test his deceased brother, but the clinical history of early-onset lymphoproliferative disease was highly suggestive that he might have been affected as well. This variant is localized in the transmembrane domain of the CD40L protein (Figures 2A, B). It is absent in large-population databases (gnomAD, 1000k genomes) and is reported as “likely pathogenic” in ClinVar. The residue is evolutionarily conserved (GERP++ 4.51), and the substitution is computationally predicted to be deleterious (CADD 23.7). A missense variant in the same residue (p.M36R) was previously reported as pathogenic by Korthauer et al. (Table 1). Functional validation was performed by CD40L staining after polyclonal stimulation with PMA/ionomycin. The expression of CD40L on activated T CD4+ cells was confirmed to be significantly reduced (27% with reference value between 40% and 80%) (Figure 2C). Moreover, secretion of IFN-γ from stimulated T CD4+ was also reduced (5.1% with reference value 9.6%–44.8%) (Figure 2D and Supplementary Figure S1). T-cell proliferation to PHA and anti-CD3/CD28 was not reduced (Supplementary Figure S2).




Figure 2 | Gene model, CD40L expression, and cytokine production. (A) Localization of variants associated to atypical phenotypes and in the transmembrane domain. (B) Crystal structure of CD40L (P25942) from https://swissmodel.expasy.org/repository/uniprot/P25942?template=3qd6. (C) CD40L expression after polyclonal stimulation (histogram plots show cells gated on CD3+CD4+ T cells from PBMNCs) in the patient and in four different healthy donors (HD). (D) IFN-γ and IL-17 intracellular staining after polyclonal stimulation in the patient and a representative control (dot plots show cells gated on CD3+CD4+ lymphocytes from PBMNCs).




Table 1 | CD40LG transmembrane domain variants and selected variants that have been reported to carry a mild/atypical phenotype.



In the meantime, the muscle biopsy excluded the inflammatory nature of the muscle disease; no immune-histological changes of membrane-associated proteins nor pathological lipid or glycogen storage were detected (Supplementary Figures 3A–C). In consideration of a possible metabolic myopathy with no surcharge, genes associated with hyperCKemia were investigated. A heterozygous missense variant in the carnitine palmitoyl-transferase II (CPT2; c.593C>G; p.S198C) was found (Supplementary Figure 3D). This variant is not reported in the general population and predicted to be deleterious by multiple bioinformatic tools. Heterozygous CPT2 variants can cause adult-onset stress-induced myopathy (OMIM #255110). Among stressors, drugs, infections, exercise, cold, fasting, and trauma are included. The CPT2 variant was also found in two of his sisters, and one of them had a history of elevated CK and myalgias (Supplementary Figure 3E).

The patient was started on immunoglobulin replacement therapy after finding the hypogammaglobulinemia. The leishmanial laryngeal involvement regressed within a few months after treatment with intravenous liposomal amphotericin B treatment (4 mg/kg/day, for a total of 15 infusions in a 6-month period). Due to the persistence of facial swelling, the patient was additionally treated with oral miltefosine 50 mg tid for 3 months and then intravenous pentamidine 4 mg/kg per day for 14 days and finally monthly maintenance therapy with intravenous pentamidine 4 mg/kg which is still ongoing.

During the follow-up (in May 2020), the facial swelling completely resolved; however, the patient developed a soft palate lesion that on biopsy was diagnosed as extra-nodal NK/T nasal-type EBV-associated lymphoma. A biopsy of the pharyngeal wall lesion indeed showed a lymphoid proliferation with cytoplasmic CD3+, CD2+, CD7-, CD56-, CD20-, CD5-, granzyme+, TIA-1+, Ki67 90%, EBER diffusely and intensively positive. A bone marrow biopsy was negative for lymphoproliferation and showed normal hematopoietic progenitors. He underwent chemotherapy with cisplatin and local radiotherapy achieving a complete remission. He is currently in evaluation for bone marrow transplantation and is continuing monthly intravenous pentamidine prophylaxis and immunoglobulin replacement therapy.



Discussion

X-linked hyper-IgM syndrome is usually diagnosed in childhood, in patients presenting with severe infections, neutropenia, liver disease, and elevated IgM. Atypical forms of XHIGM can have an initial partial or milder presentation than typical forms, but later worsening of the clinical picture can occur as seen in this case report. Therefore, the recognition of XHIGM in adults can be challenging. Our patient had normal or only mildly elevated IgM and no history of neutropenia, liver disease, or severe respiratory infections. Without the typical features, the presentation can mimic common variable immunodeficiency (CVID) or combined immunodeficiency (CID). In hindsight, the reduction of circulating Tfh cells was among the only laboratory features pointing at the correct diagnosis. Tfh are generally elevated in CVID, and a reduction was typically described in patients with ICOS, BTK, and CD40L deficiency (14, 15). Notably, the patient also presented an inverted CD4/CD8 ratio with prominent T CD8+ senescence (CD57+), similarly to the case reported by Lougaris et al.; however, proliferative responses to mitogens (PHA and anti-CD3/CD28) were normal (16). Unbiased genetic approaches, such as WES and WGS, can help identify XHIGM in adults with CVID-like diseases.

Single-nucleotide missense variants in the transmembrane domain of CD40L generate a protein with a lower surface expression than the wild type; however, unlike large deletions or extracellular domain variants, they do not abolish the interaction with CD40. Hypomorphic variants in CD40LG can present with atypical clinical features, lacking the severe clinical presentation of classical XHIGM. This could explain the atypical and late-onset phenotype observed in our case. Most pathogenic variants reported in CD40LG are missense variants in the extracellular domain or null alleles (stop-gain, frameshift).

Few mutations in the transmembrane domain have been reported, and most of those insert a charged amino acid in the protein sequences disrupting the protein membrane expression (p.M36R, p.G38R) (Table 1). Among those, the reported phenotypes are often atypical or mimicking CVID. The p.I33N variant was found in a patient with recurrent bacterial infections, low IgG, IgA, and IgM, immune thrombocytopenia, autoimmune hepatitis, cutaneous vasculitis, increased TCRαβ DNT cells, and sensorineural hearing loss that was diagnosed as CVID (8). A small 6-nucleotide duplication leading to an in-frame insertion of proline and alanine in position 40 was recently reported to cause a mild hyper-IgM phenotype (c.116_121dupCAGCAC) (11). Another case of mild hyper-IgM was reported with p.H47Y which is the first amino acid of the extracellular domain (12). p.R11X introduces a stop codon in the first exon, encoding the intra-cytoplasmic portion of the protein. However, it was shown that this mutation allows re-initiation of translation at the downstream methionine in position 21, resulting in a shorter protein lacking the intracytoplasmic tail (7, 13). Patients carrying this variant present with reduced surface CD40L and have atypical and late-onset phenotypes. In several patients, the presentation was chronic anemia from Parvovirus B19 infection (13, 17) and other late-onset opportunistic infections like cerebral toxoplasmosis (18). The p.T254M variant is located near the end of the protein in the TNF-homology domain, and it disrupts the protein conformational folding (5). It was initially reported in patients with “milder” disease (13), but this definition was disputed by De Vries et al. (19) and Danielian et al. (20), as several patients displayed a severe clinical course, even so often atypical. Splicing donor site mutations leading to exon 2 skipping, such as c.309+2T>A, have also been associated with a milder phenotype. The produced shorter protein was shown to have a reduced binding affinity for CD40 (13). Skewed X-lyonization was described as a possible mechanism for atypical late-onset disease in female carriers of X-linked diseases. Although carriers of XHIGM are generally asymptomatic as a small population of cells expressing CD40L is sufficient to maintain normal humoral immunity (21), in extreme cases of X-lyonization a partial CD40L deficiency can appear mimicking CVID (22). Spontaneous somatic mutations resulting in revertant mosaicism have also been described as a cause for atypical phenotypes in patients with immunodeficiency; however, we are unaware of any such case described for CD40LG deficiency (23). The clinical spectrum of CD40L deficiency and the genotype–phenotype associations hint to the presence of a dose-dependent CD40L role in immune homeostasis. Notably, it was also described how the duplication of the CD40LG gene causes autoimmunity, as reported by Le Coz et al. (24).

Since the first description of visceral leishmaniasis in XHIGM syndrome by Martìn et al. in 1996, only a few cases have been reported so far in the literature (25–27). CD40L deficiency’s main feature is hypogammaglobulinemia, caused by the central role of the CD40–CD40L interaction in the class-switch recombination in B cells. However, CD40L also plays a critical role in Th1 differentiation by inducing the production of IL-12 by monocytes and dendritic cells (28, 29). Considering that a Th1 cell-mediated response is classically needed for Leishmania clearance (30), CD40L-deficient patients have an increased susceptibility to Leishmania species infections, as also seen in the animal experimental models. While in the murine model Leishmania major infection has been originally used to define the Th1/Th2 cell polarization paradigm, further studies in the experimental model and in humans have shown complex and dynamic immune responses (31–33). The importance of IFN-γ immunity in the control of leishmaniasis is also proven by previous case reports describing patients with defects in the IL-12/IFN-γ circuitry (34, 35). Among other inborn errors of immunity (IEI), leishmaniasis was also reported in chronic granulomatous disease (CGD), which is characterized by neutrophil dysfunction. Remarkably, a non-redundant role of the CD40L–CD40 interaction in neutrophil development and function mediated by IFN-γ was described (4).

This report also showcases the utility of WES data reanalysis and how it can help in revealing the unexpected co-occurrence of multiple genetic diseases. In this case, after finding a myopathic pattern on histopathology, WES was reanalyzed with a dedicated myopathy panel discovering a CPT2 variant and leading to the diagnosis of carnitine palmitoyl-transferase II deficiency stress-induced myopathy (36).

A major clinical problem is that the translation of pediatric management guidelines to adult patients with atypical forms is not straightforward. Hematopoietic stem cell transplantation (HSCT) is the only curative treatment for CD40L deficiency, and its success depends on a prompt diagnosis. In a recent international collaborative study, the outcome improved if HSCT was performed before organ damage development, particularly considering sclerosing cholangitis and infections (37). However, when balancing the risks of HSCT with long-term supportive therapy, no differences in survival have been observed, although patients treated with HSCT have higher Karnofsky/Lansky performance status than those not receiving HSCT (38). Patients for whom HSCT may not represent an adequate treatment option, such as those with chronic treatment-resistant infections, are clinically very challenging and call for innovative treatment options.

The takeaway message of this report is the central role of WES as a diagnostic tool in IEI and the importance of opportunistic infections as red flags, independently from the age of the patient. The discovery of novel variants is constantly expanding the phenotypic spectrum of well-known diseases. In this report, we have shown how Leishmania infection led to the unveiling of a previously unrecognized CD40L deficiency in an adult patient. Reviews of previously published CD40LG mutations in the transmembrane domain hint to the presence of a genotype–phenotype correlation with atypical XHIGM forms. This could be explained by the reduced surface CD40L protein expression. WES reanalysis enabled the serendipitous discovery of carnitine palmitoyl-transferase II deficiency stress-induced myopathy in the same patient. Finally, treatment-refractory opportunistic infections, as in this case, should always alert to a serious immune dysfunction and warrant case discussion within a multidisciplinary group.
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Supplementary Figure 1 | IL-4 and IFN-γ intracellular staining following polyclonal stimulation in the patient and a representative control (dots plots show cells gated on CD3+CD4+ T cells from PBMNCs).

Supplementary Figure 2 | T cell proliferation to mitogens (A) patient and a representative control, on CD4+ and CD8+ T cells from PBMCs stimulated with PHA 1:100 or anti-CD3/CD28 antibodies. (B) Relative proliferation expressed as the difference between the geometric mean of the non-proliferating stained cells and the geometric mean of the total stained cells.

Supplementary Figure 3 | CPT2 deficiency stress-induced myopathy. (A) Muscle biopsy showed normal muscle fibers with no atrophy, necrosis or inflammation (H&E) with (B) normal distribution of MHC-I and HLA-ABC complex and (C) moderate acid phosphatase reactivity; (D) Sanger sequencing of CPT2 (NM_000098): c.[593C>G];[=], p.[Ser198Cys];[=]; (E) Family pedigree gray background used for CPT2 variant.

  
Supplementary Table 1 | List of all fluorochrome monoclonal antibodies used for flow cytometric analysis.

  
Supplementary Table 2 | Clinical laboratory data.
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CVID, common variable immunodeficiency; HIGM, hyper-ilgM syndrome; VUS, variant of unknown significance; IC, intracellular; TM, transmembrane; EC, extracellular.





