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    Abstract
Background/Aim: We report three adult patients with primary immunodeficiency (PID) treated with reduced-intensity allogenic hematopoietic cell transplantation (HCT) with fludarabine/treosulfan conditioning and graft-versus-host disease (GvHD) prophylaxis with alemtuzumab and a calcineurin inhibitor. Case Report: Patient 1, a 51-year-old male, had common variable immunodeficiency (CVID) with protein-losing enteropathy. Patient 2 was a 29-year-old woman with STAT3 (signal transducer and activator of transcription 3)-dependent hyper-IgE syndrome (HIES). Patient 3 was a 25-year-old male with XIAP (X-linked inhibitor of apoptosis)-deficiency presenting as treatment-refractory granulomatous enteropathy. Engraftment occurred in all three patients, with 100% donor chimerism in blood. Two patients survived, whereas the patient with CVID died due to infection. Conclusion: This series highlights issues of transplantation for PID in adults and treosulfan-based conditioning, which is feasible for PID patients; infectious complications are the major issue of concern.

Key Words:	Allogenic hematopoietic cell transplantation
	case series
	fludarabine
	primary immunodeficiency
	treosulfan

Primary immunodeficiencies (PIDs) are a rapidly expanding group of >500 genetically determined defects of immunity manifesting as increased susceptibility to infection, inflammation, autoimmune disease, lymphoproliferation, allergy, and malignancy (1). Although initially mainly diagnosed in children, manifestations in adults are increasingly being recognized. Apart from gene therapy, which is used for selected monogenic PIDs and is far from readily available, allogeneic hematopoietic cell transplantation (allo-HSCT) is the only curative therapy (2, 3).
The alkylating agent treosulfan and the purine analog fludarabine are both used for treatment of various neoplasms and as part of conditioning for allo-HSCT, especially in children, due to their favorable toxicity profile. Indeed, several studies report excellent results in pediatric PID patients who received a treosulfan-based conditioning regimen (4). PID patients do not require a graft-versus-malignancy effect, and the goal of strict prevention of graft-versus-host disease (GvHD) can be achieved with the monoclonal anti-CD52 antibody alemtuzumab (5). The combination of treosulfan, fludarabine and alemtuzumab has been successfully used in children with PID (4, 6), but data for adult patients are scarce.
Here, we present allo-HSCT in three adult patients with CVID, STAT3-dependent hyperimmunoglobulin E syndrome, or XIAP deficiency.
Common variable immunodeficiency (CVID) is characterized by significant hypogammaglobinemia, reduced IgA and/or IgM levels, and poor or absent response to immunization. CVID, which is the most prevalent form of severe antibody deficiency, is estimated to affect approximately 1:25,000 individuals (7). CVID can manifest as recurrent infections, autoimmunity, and malignant disease and is termed “variable” due to its heterogeneous phenotype.
Signal transducer and activator of transcription 3 (STAT3)-dependent hyperimmunoglobulin E syndrome (HIES) is a rare disease estimated to occur in 1:500,000 to 1:100,000 individuals. Heterozygous loss-of-function STAT-3 mutations reduce the signaling of many cytokines, such as IL-6 and IL-21. This leads to impaired T-helper cell function, which in turn affects neutrophil chemotaxis as well as proliferation and stimulation of B lymphocytes (8). Clinically, HIES is characterized by recurrent abscesses, eczematous dermatitis, mucocutaneous candidiasis and sinopulmonary infections in addition to nonimmunologic features such as scoliosis.
X-linked inhibitor of apoptosis (XIAP) deficiency, also known as X-linked lymphoproliferative syndrome type 2 (XLP-2), is a rare form of inherited, X-linked immune dysregulation that occurs in 1-2:1,000,000 males (9). It is caused by hemizygous mutations in the XIAP gene, which is involved in inhibition of apoptosis, plays a role in innate NOD signaling and mediates inflammation regulation. The most common clinical features are inflammatory bowel disease with Crohn’s pattern and splenomegaly, with a risk of developing hemophagocytic lymphohistiocytosis (HLH).
Case Report
We report three patients who underwent transplantation after conditioning with treosulfan (14 g/m2 i.v. day-4 to day-2) and fludarabine (30 mg/m2 i.v. day -6 to day -2). For GvHD prophylaxis, we used alemtuzumab (20 mg day -5 and day - 4) in combination with a calcineurin inhibitor. This study was performed according to the regulations of the local ethics committee, and the patients provided consent for participation and the use of their materials.
Case series. Patient 1 was a 51-year-old male with CVID of a yet-undefined genetic cause (Table I). Prior to transplant, he experienced multiple life-threatening infections despite high-dose immunoglobulin replacement therapy; interstitial lung disease, autoimmune cytopenia, and chronic diarrhea with protein-losing enteropathy requiring chronic parenteral nutrition also occurred. He received peripheral blood stem cells (PBSCs) from an unrelated 12/12 HLA-identical unrelated donor. After transplant, he developed neutropenic fever and neutropenic colitis, which responded to prompt antibiotic administration. He also developed grade III mucositis, which resolved spontaneously after engraftment, as documented on day +22. Around day +40 after transplant, he developed acute GvHD of the skin (grade II), which responded to steroid therapy. Eight months after transplant, the patient showed mixed chimerism (Table I). Ten months after transplant, the patient had a normal granulocyte count but a persistently reduced lymphocyte count. His serum IgM increased to normal values after HCT, but IgA remained below the detection limit. IgG was above normal values during regular immunoglobulin administration. He was treated with high-dose steroids (1 mg/kg from month +8 after transplant with tapering) for posttransplant autoimmune hemolytic anemia and was still receiving immunosuppression with tacrolimus. At 10 months after allo-HSCT, he suddenly developed lobar pneumonia and died of fulminant septic shock. A causative pathogen was not identified.
View this table:	View inline
	View popup
	Download powerpoint



Table I. Patient baseline characteristics.



The second patient was a 29-year-old woman with STAT3-dependent hyper-IgE syndrome (HIES). Prior to transplant, she had relapsing infections, particularly in the respiratory tract, and depended on a bone conduction hearing device after infectious destruction of her middle ear. Pseudomonas aeruginosa was detected by bronchoalveolar lavage, though without clinical signs of pneumonia, following pretransplant bronchoscopy. She was administered tobramycin inhalation and was receiving supplemental oxygen. The patient underwent transplantation with bone marrow as a stem cell source from her HLA-identical brother, in whom pathogenic STAT3 mutation was ruled out. In addition to alemtuzumab, she received cyclosporine A as GvHD prophylaxis. A few days after transplant, she developed severe diarrhea (>1,500 ml/d), with positivity for Clostridium difficile and then severe colitis and duodenitis with Cryptosporidium parvum, which responded poorly to antiprotozoal therapy. Sigmoidoscopy was performed, which showed a result compatible with intestinal GvHD (grade III Lerner), but because of the Cryptosporidium colitis present, intestinal GvHD was difficult to distinguish from infection. The patient received intensified GvHD treatment with systemic steroids, vedolizumab, and alpha-1-antitrypsin. Although the efficacy of this therapy was difficult to evaluate, it seemed to result in no clear improvement. This treatment was therefore de-escalated, and her diarrhea resolved at three months after HSCT under combination treatment with nitazoxanid, azithromycin and active charcoal, retrospectively indicating that infection, rather than GvHD, was the leading cause of the diarrhea. Immunosuppression with cyclosporine A was stopped at 4 months after HCT. At 6 months after transplant, the patient was well and showed mixed chimerism (blood 100%; CD3+ cells at 2 months: 35%, 3 months: 3%, 4 months: 17%, 6 months: 89%) but with no signs of GvHD. The third patient was a 25-year-old patient with XIAP deficiency due to a large XIAP deletion that was not diagnosed until the age of 16. He had severe granulomatous enteropathy since infancy and was treated for suspected Crohn’s disease, including several major bowel resections for stenoses resulting in total colectomy. Tube feeding was performed via a gastrostomy tube. The patient received transplantation with PBSCs from a 9/10 HLA (HLA-DRB4, DQB1, und 2xDPB1 mismatch) identical unrelated donor. In addition to alemtuzumab, he was given tacrolimus as GvHD prophylaxis. He experienced mild mucositis, which resolved with engraftment, as documented on day +12. After transplant, he did not develop any significant toxic or infectious complications. Epstein-Barr virus (EBV) replication (max. 682.000 GEq/ml at 3 months after HSCT), a known trigger of HLH in XIAP patients, was treated with a single dose of rituximab, resulting in control of the virus. He showed mixed chimerism at 6 months after transplant. Under continued treatment with tacrolimus, he has not developed any signs of GvHD and is doing well to date.

Discussion
The patients we describe herein are representative of adults with severe PID. Allo-HSCT should in general be performed early in life to prevent the many complications of immunodeficiency. However, the present patients were relatively old (51, 29, and 25 years) by the time they were referred for transplant, and all had major complications from PID. Patients 1 and 3 were malnourished due to severe enteropathy, despite utilization of supplementary parenteral or enteral tube feeding. Patient 2 had bronchiectasis with recurrent severe pneumonia and intermittent need for supplemental oxygen by nasal cannula and was on supplemental oxygen. Taken together, with several comorbidities (HCT-CI ≥3) (10) and susceptibility to infection, the transplantation-related risk was high in these cases.
Taking into account such predisposing risk factors and owing to evidence of lower toxicity and transplant-related mortality, reduced-intensity, treosulfan-based conditioning is favored compared to myeloablative regimens (4, 6, 11). Nevertheless, published evidence, mostly from pediatric cases and retrospective cohort analysis or case series (11), is limited.
In a relatively large cohort, Slatter et al. (12) reported the outcomes of 160 children and adolescents with PID who underwent allo-HSCT after conditioning with treosulfan, fludarabine and mostly alemtuzumab (124 patients). The patients showed excellent overall survival of 83% and a limited incidence of GvHD greater than grade II (9%).
In the adult population, conditioning regimens with treosulfan and fludarabine have been used for myelodysplastic syndromes and acute myeloid leukemia (13), but evidence regarding their use in adults with PID is scarce. In a smaller study, 31 patients between 0.4 and 30.5 years of age underwent conditioning with treosulfan/fludarabine and thymoglobulin as GvHD prophylaxis for various nonmalignant hematological disorders, including 14 patients with PID (14). The 2-year survival was 90%. However, the median age at transplantation was 10 years; thus, a very limited number of adult patients were investigated.
In summary, based on existing evidence, a reduced-intensity conditioning regimen with treosulfan/fludarabine and alemtuzumab appears to be safe and effective, with a limited amount of toxicity and GvHD, and our results are consistent. Regardless, intensive GvHD prophylaxis with alemtuzumab and underlying PID are associated with a high risk of infectious complications, especially in combination with steroid therapy and also possibly with older age in patients with a long history of PID.
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