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Introduction

Macrophage expressed gene 1 (MPEG1) is highly expressed in macrophages and other phagocytes. The gene encodes a bactericidal pore-forming protein, dubbed Perforin-2. Structural-, animal-, and cell-based studies have established that perforin-2 facilitates the destruction of phagocytosed microbes upon its activation within acidic phagosomes. Relative to wild-type controls, Mpeg1 knockout mice suffer significantly higher mortality rates when challenged with gram-negative or -positive pathogens. Only four variants of MPEG1 have been functionally characterized, each in association with pulmonary infections. Here we report a new MPEG1 non-sense variant in a patient with the a newly described association with persistent polymicrobial infections of the skin and soft tissue.



Case Description

A young adult female patient was evaluated for recurrent abscesses and cellulitis of the breast and demonstrated a heterozygous, rare variant in MPEG1 p.Tyr430*. Multiple courses of broad-spectrum antimicrobials and surgical incision and drainage failed to resolve the infection. Functional studies revealed that the truncation variant resulted in significantly reduced capacity of the patient’s phagocytes to kill intracellular bacteria. Patient-derived macrophages responded to interferon gamma (IFN-γ) by significantly increasing the expression of MPEG1. IFN-γ treatment supported perforin-2 dependent bactericidal activity and wound healing.



Conclusions

This case expands the phenotype of MPEG1 deficiency to include severe skin and soft tissue infection. We showed that haploinsufficiency of perforin-2 reduced the bactericidal capacity of human phagocytes. Interferon-gamma therapy increases expression of perforin-2, which may compensate for such variants. Thus, treatment with IFN-γ could help prevent infections.
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Introduction

MPEG1 expression is constitutive in phagocytes and inducible in parenchymal cell lines by interferons or bacterial infection (1, 2). Its function in innate immunity is vital for intracellular pathogen elimination such that Mpeg1 knockout mice exhibit increased susceptibility to infections (2–5). MPEG1 variants can confer an immunodeficiency hallmarked by polymicrobial infections (1).

Until now, MPEG1 mutations have been primarily studied in vivo in non-human subjects, with the exception of a study by McCormack et al. that describes the first four clinical cases of heterozygous MPEG1 mutations in human disease, which notably involved pulmonary infections with a preponderance of non-tuberculous Mycobacteria (1). Skin and soft tissue infections were not described. Here we expand the phenotype of MPEG1 haploinsufficiency by describing a patient with polymicrobial skin and soft tissue infections bearing a heterozygous nonsense variant of MPEG1. We offer considerations for treating this condition with interferon gamma (IFN-γ).


Case Description

The patient reported is a 23-year-old adopted woman with a limited history of early childhood. She has a complex medical history including bilateral sensorineural hearing loss and non-anatomic gastroparesis requiring feeds by jejunal tube. She also carries the heterozygous, pathogenic Factor V “Leiden” variant discovered after suffering multiple deep vein thromboses and pulmonary emboli, now on lifelong anticoagulation. The patient experienced numerous infections throughout adolescence and young adulthood including repeated facial impetigo, recurrent tonsillitis requiring tonsillectomy and adenoidectomy, skin abscesses, recurrent central line-associated blood stream infections (Enterobacter cloacae), and infections of the central line site (Staphylococcus aureus). Because of a concern for a primary immunodeficiency, she had been treated empirically with immune globulin, without evidence of hypogammaglobulinemia or specific antibody deficiency. At age 22, she presented with a breast abscess and cellulitis requiring incision and drainage (I&D). Over the next several months, she suffered recurrent abscesses despite serial debridement and intravenous antibiotics. During a prolonged inpatient stay for treatment of recurrent breast abscess at her local hospital, she was transferred to our institution for further evaluation and treatment. Her initial diagnostic work-up included laboratory studies that demonstrated a normal leukocyte count, mild anemia, overall normal lymphocyte counts, and a mild thrombocytosis, likely reactive to an acute infection (Table 1). An ultrasound of the right breast found complex fluid collections, of which the largest region measured 16 x 5 x 14 mm. A biopsy of the tissue supported a picture of acute on chronic inflammation without atypical hyperplasia or malignancy. Cultures obtained at different time points during her clinical course grew numerous organisms including Staphylococcus pseudintermedius, Enterobacter cloacae, Klebsiella pneumoniae, Serratia marcescens, Veillonella parvula, and Candida spp. (glabrata, albicans, and lusitaniae). Despite completing an extended course of appropriate antimicrobial coverage along with multiple I&D procedures, the infections did not resolve.


Table 1 | Laboratory Results.






Diagnostic Assessment

A polymicrobial breast infection in a young woman persisting over several months despite treatment with multiple antimicrobials was suspicious for primary immunodeficiency. Flow cytometric analysis of peripheral blood lymphocytes showed mild NK cell lymphopenia, which was normal in prior and subsequent tests. Whole genome sequencing revealed a few, rare genetic variants including a nonsense variant in MPEG1 NM_001039396.1:c.1290C>A, resulting in p.Tyr430* (dbSNP rs773347395) (Figure 1A), which codes for the perforin-2 protein. The CADD phred score of this variant was 36. This variant is rare, occurring in only 1 of 124,579 individuals in the Genome Aggregation Database (gnomAD) and not in homozygous form (7). A heterozygous p.D113N variant of IKBKG was identified as well, but because of its commonness (found in ~3% of alleles of Europeans in gnomAD), this variant was felt unlikely to be the cause of her immunodeficiency.




Figure 1 | Relative location of Tyr430 within perforin-2 and demonstration of reduced killing capacity of the patient’s phagocytes. (A) Domain organization of perforin-2 with its signal peptide, membrane-attack-complex-perforin (MACPF) domain (blue), EGF-like domain (dark blue), perforin-2 domain (yellow), and carboxy-terminal transmembrane domain (brown, red). (B) Top and side view of the acid-dependent perforin-2 pore (6). Each polymer comprises 16 subunits with MACPF and P2 domains lining the interior and exterior of the polymer. Tyr430 is depicted as magenta spheres within the P2 domain. Horizontal bars represent the approximate location of the target lipid bilayer. (C) Neutrophil killing assay showing fold change over time of intracellular bacterial colony forming units. (D) Macrophage killing assay showing fold change over time of intracellular bacterial colony forming units. log2FC = log2(CFU at time X) – log2(CFU at time initial). **P < 0.04 to age and gender (A&G) shipping control, and P < 0.02 to non-matched, unrelated control.



Given the known bactericidal function of perforin-2 and the location of this variant in the P2 domain and eliminating the C-terminal transmembrane domain, the MPEG1 variant was suspected to be pathogenic (Figure 1B). If the Tyr430* truncated protein product were stably expressed it would likely be secreted rather than delivered to endophagosomes as its transmembrane domain is essential for the intracellular retention of perforin-2 (6, 8). Immunologic assays demonstrated normal neutrophil chemotaxis and extracellular bactericidal activity against Staphylococcus aureus (Table 2). However, the latter laboratory assay did not differentiate between extracellular and intracellular killing. Thus, it may not be sensitive enough to detect reduced Perforin-2 activity within phagosomes.


Table 2 | Clinical Neutrophil Assays.



To assess the impact of the MPEG1 variant, the subject’s neutrophils and macrophages were tested for intracellular killing. These cells were purified from anticoagulated whole blood and allowed to phagocytose Salmonella enterica serovar Typhimurium (S. Typhimurium) or Yersinia pseudotuberculosis. The phagocytes were then treated with membrane impermeable gentamicin to eliminate the extracellular population of bacteria prior to enumeration of intracellular bacteria. This assay, commonly referred to as a gentamicin protection assay, revealed that the patient’s neutrophils were unable to suppress the intracellular replication of S. Typhimurium (Figure 1C). As expected, cells from healthy controls were more effective at eliminating the intracellular pathogens. This defect was also observed with patient-derived macrophages infected with S. Typhimurium or Y. pseudotuberculosis (Figure 1D).

During the patient’s admission, she was again treated with broad spectrum antimicrobials and multiple I&D’s, however her hospital course was complicated by incomplete resolution and development of new abscesses in the right breast. Physical exam revealed multiple, tender, deep painful regions around the breast with corresponding regions of erythema (Figure 2A). Breast cultures during this admission again grew organisms previously present including K. pneumoniae, S. marcescens, and C. glabrata, as well as Enterococcus faecalis and Lactobacillus species. The patient became frustrated with months of inpatient treatments. Due to prolonged and inadequate resolution of the abscess despite multiple antibiotics and antifungals, she underwent surgical placement of antibiotic- and antifungal-impregnated calcium sulfate beads (9) and treatment with three injections of intralesional GM-CSF to promote wound healing and phagocytosis (10).




Figure 2 | Infection and IFN-γ induction of MPEG1. (A) Purulent abscesses in the right breast. (B) MPEG1 transcripts are induced after treatment in vitro with IFN-γ.



Adjuvant therapy with IFN-γ was considered next. To determine if the patient’s phagocytes were responsive to interferons, macrophages differentiated from the patient’s blood monocytes were treated with IFN-γ. Relative to untreated control, IFN-γ increased MPEG1 expression by eight-fold (Figure 2B). Such upregulation may compensate for MPEG1 haploinsufficiency by increasing perforin-2 expression from the normal allele. Facing steady worsening of the patient’s condition, we treated her with IFN-γ at a dose of 50 μg/m2 three times weekly for 3 weeks. The patient experienced initial improvement of symptoms with the adjuvant therapy, however she also experienced malaise, body aches, and low-grade fevers known to accompany IFN-γ therapy. Due to chronic pain and redeveloping abscesses, the patient underwent a unilateral total mastectomy using tumescent and scissor dissection, given the contraindication of cautery in the setting of her cochlear implants. Surgical pathology found inflamed granulation tissue with multiple micro-abscesses and periductal inflammation. Post-operatively she had clinical cure of infection and complete wound healing. IFN-γ therapy was continued in the outpatient setting as prophylaxis, but there have been difficulties tolerating side effects, including fever. There were no further infections in the 3 months following mastectomy.



Discussion

This case illustrates the innate immune dysfunction in a young woman carrying a MPEG1 genomic loss-of-function variant, presenting as difficult-to-manage skin and soft tissue infections. Perforin-2 is a member of the membrane attack complex/perforin (MACPF) family, which includes the terminal components of complement (C9) responsible for pore-forming membrane disruption to eradicate microbial invaders (6, 8). Expression of perforin-2 is upregulated by IFNs in primary fibroblasts and epithelial cell lines (11). Although the precise details are under investigation, perforin-2 is trafficked to endo/phagosomes where it polymerizes into a pre-pore structure that subsequently transitions to a pore conformation upon phagosome acidification (2, 4, 8). These pores perforate the envelope of phagocytosed pathogens, rendering them more susceptible to antimicrobial effector such as proteases, other hydrolases, and reactive oxygen and nitrogen species (2, 5). Studies of Mpeg1 knockout mice have shown that deficiencies in this protein lead to uncontrolled, disseminated infection from the gut and skin, as well as a host of other immunologic consequences (2–4). Pathogenic variants have been reported in patients with both intracellular and extracellular pulmonary infections with Mycobacterium, Pseudomonas, Achromobacter, Bordetella, Pneumocystis, and Aspergillus species (1), suggesting that this immunodeficiency extends beyond control of intracellular organisms. An important feature of this patient’s disease is the location of the infection: the skin. Studies in vitro in human skin found that perforin-2 is induced during wound healing in the skin and is necessary for intracellular killing of Staphylococcus (12).

IFN-γ is a naturally occurring, pleotropic cytokine central to type-1 immunity and, as a medication, is approved for the prophylaxis of infections in the context of chronic granulomatous disease. In vitro studies have shown that IFN-γ induces MPEG1 expression in an array of murine and human cell lines as well as primary cells (2, 11). Consistent with that work we found that IFN-γ significantly increased expression of MPEG1 in patient-derived macrophages. Despite some improvement in clinical status, the widespread infection required mastectomy for resolution. The benefits of IFN-γ could thus not be fully determined. Further investigation will be required to assess if treatment with IFN-γ promotes perforin-2-mediated bactericidal activity and reduces infections in MPEG1 deficiency.



Conclusions

Perforin-2 plays important roles in the ability of innate immune cells to kill intracellular pathogens. We present a single case demonstrating haploinsufficiency of perforin-2 with severe, bacterial, and fungal soft tissue infections. IFN-γ therapy may be used as a potential prophylaxis for inducing the expression of the functional allele.



Materials and Methods


Structural Model

The structural model of perforin-2 comes from RCSB entry 6SB5.



Killing Assays

For neutrophil killing, polymorphonuclear neutrophils (PMNs) were isolated from whole blood by Ficoll-Paque centrifugation then seeded onto tissue culture plates for 2 h. Adherent cells were subsequently infected for 45 min with S. Typhimurium (strain SL1344); the multiplicity of infection (MOI) was 50. Extracellular bacteria were eliminated with 50 μg/ml gentamicin. PMNs were lysed with 0.1% Triton X-100 at the specified times. Released bacteria were serially diluted for enumeration of colony forming units (CFUs) on LB agar plates supplemented with 50 μg/ml of the appropriate antibiotic.

For macrophage killing, PBMCs isolated from whole blood by Ficoll-Paque centrifugation were seeded onto tissue culture treated 100 mm petri plates in IMDM + 10% FBS media supplemented with 50 ng/ml rh-MCSF (BioLegend cat #570206). Monocytes were allowed to adhere and differentiate over 7 days with media changes every 2 days. Following differentiation macrophages were infected with the indicated pathogens; MOI 50. Gentamicin protection assays were conducted as above.



Transcript Comparison

1x106 differentiated patient macrophages were stimulated for 14 h with 100 ng/ml of human recombinant IFN-γ and subsequently lysed in RLT buffer + 1% BME. Whole culture RNA was extracted with RNeasy columns and converted to cDNA using QuantiTec Reverse Transcription Kit. Samples were run in triplicate using TaqMan probes specific for human MPEG1. Results were normalized to expression of GAPDH and presented relative to untreated macrophages. P value as determined by unpaired t test.
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Erythvocyte sedimentaton 16 mon 25

ale

immunoglobulins Result Units  Reference
range

9, serum 170 myd 87426

96, serum 1200 myd  726-1521

M, serum 144 myd 44277

Lymphocyte counts Cell type Result  Reference

Uu) rangel/u)

cos+ Toels 1634 8032990

CD4+ Heper T cels 25 4412156

C8+ Cytotoxic T cets 78 1251312

CD19+ Bools a1 107-698

CDS6+/CD16+ NK cels 58 95610

CD19+CD27+ Memory 8 cells 265 18-145

CDIGCD27+igMvigD-  IgM memory Boels O o012

CD19+CD27+IgM+igD+  Unswitched memory 132 485

Bools
CD19+CD27+gMgD- Switched memory B 132 761
cels
CD19+CD21Iow Immature B oot 88 03-22
Other Interpretation

HIV-1/2 Ag/AD screen fouth — Norveactive
generation





