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Abstract

Allogeneic hematopoietic stem cell transplantation (HSCT) reverses the bone marrow failure 

syndrome due to GATA2 deficiency. The intensity of conditioning required to achieve reliable 

engraftment and prevent relapse remains unclear. Here, we describe the results of a prospective 

study of HSCT in 22 patients with GATA2 deficiency using a busulfan-based conditioning 

regimen. The study includes 2 matched related donor (MRD) recipients, 13 matched unrelated 

donor (URD) recipients, and 7 haploidentical related donor (HRD) recipients. MRD/URD 

recipients received 4 days of busulfan and 4 days of fludarabine. HRD recipients received low-

dose cyclophosphamide for two days, fludarabine for 5 days, 2–3 days of busulfan depending 

upon cytogenetics, and 200 cGy total body irradiation (TBI). MRD/URD recipients received 

tacrolimus/short course methotrexate for graft-versus-host disease (GVHD) prophylaxis. HRD 
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recipients received high-dose post-transplant cyclophosphamide (PT/Cy) followed by tacrolimus 

and mycophenolate mofetil. At median follow-up of 24 months (range, 9–50), 19/22 patients are 

alive with reversal of the disease phenotype and correction of the MDS, including eradication of 

cytogenetic abnormalities. Three patients died: one from refractory acute myelogenous leukemia 

(AML), one from GVHD, and one from sepsis. There was a 26% incidence of grade III–IV acute 

GVHD in the MRD/URD groups, and no grade III–IV aGVHD in the HRD cohort. Similarly, 

there was a 46% incidence of chronic GVHD in the MRD/URD cohort, whereas only 28% of 

HRD recipients developed cGVHD. Despite excellent overall disease-free survival (86%), GVHD 

remains a limitation using standard prophylaxis for GVHD. We are currently extending the use of 

PT/Cy to the MRD/URD cohorts to reduce GVHD.
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Introduction

In 2011, four groups described a new human disease syndrome, now termed GATA2 

deficiency, resulting from heterozygous germline or sporadic mutations in the transcription 

factor GATA2. Each group approached this syndrome from a distinct clinical perspective, 

resulting in four different names for processes caused by the same genetic abnormality: 

autosomal dominant and sporadic monocytopenia and Mycobacterium avium complex 

(MonoMAC); Dendritic Cell, Monocyte, B and NK Lymphoid (DCML) deficiency; 

Emberger syndrome (lymphedema and monosomy 7); and familial myelodysplastic 

syndrome (MDS/acute myelogenous leukemia [AML]).1–6 These phenotypic and 

hematologic characteristics, now with the addition of mutations in one allele of GATA2 
(consistent with haploinsufficiency), constitute a syndrome for which allogeneic 

hematopoietic stem cell transplantation (HSCT) represents the only curative therapy. 

However, HSCT remains challenging because of co-morbidities such as infections, 

pulmonary alveolar proteinosis (PAP), and advanced myelodysplasia including 

transformation to AML and chronic myelomonocytic leukemia (CMML).7,8

Here, we report the results of a prospective clinical trial of allogeneic HSCT in 22 patients 

with GATA2 deficiency using a dose-adjusted, busulfan-based conditioning regimen for 

matched related donors (MRD), unrelated donors (URD), and haploidentical related donor 

(HRD) recipients. We report an 86% disease-free survival in 22 patients with GATA2 

deficiency or MonoMAC treated with this regimen.

Patients and Methods

Data Collection

This study was designed to determine the efficacy and safety of a busulfan-based allogeneic 

HSCT regimen for patients with GATA2 deficiency or the MonoMAC syndrome, and was 

approved by the Institutional Review Board of the National Cancer Institute. This study was 
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independently monitored for safety and data accuracy (Clinical Trials. gov number, NCT 

009233364).

The following pre-transplant data were collected: age at transplant, duration of illness 

(years), types of infection, other manifestations of disease, cytogenetics, bone marrow 

biopsy, GATA2 mutation, and family history suggestive of GATA2 deficiency or MonoMAC 

syndrome. Pulmonary findings before and after transplant were also analyzed. The 

transplant data collected consisted of: donor source with either peripheral blood stem cells 

(PBSC) or bone marrow (BM), HLA match, daily busulfan area under the concentration 

versus time curve (AUC), targeted at 3600–4800 μMol*min based on a test dose (0.8 mg/kg 

body weight) of busulfan, total busulfan dose/kg weight of recipient, CD34+ and CD3+ 

donor cells infused per kg recipient weight, myeloid and CD3+ cell chimerism at day 100, 

time after transplant in months, GVHD prophylaxis, incidence of acute and chronic GVHD 

(aGVHD and cGVHD), and current status including the presence or absence of continued 

immunosuppression.

Patient Characteristics

Eligibility criteria for patients were: age between 8 and 60 years, at least one episode of a 

life-threatening opportunistic infection and pathologic mutation in the GATA2 gene. In the 

absence of an identified GATA2 mutation, eligibility consisted of at least one episode of a 

life-threatening infection and a flow cytometry profile on peripheral blood demonstrating 

severe monocytopenia and CD19+ B-cell and CD3−/CD56+ NK cell lymphopenia 

consistent with the MonoMAC profile. If MDS was present, blasts in the bone marrow had 

to be less than 5% in the absence of granulocyte colony stimulating factor (GCSF).

All recipients needed to have a 10/10 or 9/10 MRD, URD or haploidentical donor. All MRD 

and URD pairs were matched at 10/10 human leukocyte antigen HLA-A, -B, -C, -DRB1, 

and -DQB1 loci by high resolution typing Haploidentical donors had HLA compatibility 

representing a minimum match of 5/10 loci. If more than one haploidentical donor was 

available, each donor was evaluated for overall health, age, ABO match, and 

cytomegalovirus (CMV) serostatus to select the best donor. Also, for patients with an EBV-

associated tumor, we prefer a donor who is EBV seropositive.

Matched related and haploidentical related donors were excluded if they had a mutation in 

GATA2, a history of mycobacterial or other opportunistic infections, or abnormal monocyte, 

NK or B cell counts.

Donor type determined the conditioning regimen. A test dose of busulfan (0.8 mg/kg) 

approximately one week before conditioning established the conditioning dose, which 

targeted an AUC between 3600 and 4800 μMol*min. Conditioning similar to that described 

by de Lima et al. was used for MRD and URD recipients, who received IV fludarabine 40 

mg/m2/day given over 30 min (days −6 to −3) followed by busulfan intravenously (IV) once 

daily administered over 3 hours for 4 days (days −6 to −3).19 HRD recipients received 

cyclophosphamide 14.5 mg/kg IV for 2 days (days −6 to −5), IV fludarabine 30 mg/m2/day 

for 5 days (days −6 to −2) given over 30 min, followed by IV busulfan administered over 
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three hours for 2 days (days −4, −3), or 3 days if clonal cytogenetic abnormalities were 

present (days −4, −3, and −2), and 200 cGy total body irradiation (TBI) on day −1.

Bone marrow was generally preferred as the cell product. For MRD and URD recipients 

receiving PBSC, donors underwent 5 days of 10 μg/kg/day G-CSF stimulation followed by 

apheresis to collect at least 5 x 106 CD34+ cells/kg recipient weight. The PBSC from MRDs 

and URDs were infused fresh on day 0. HRD recipients received fresh bone marrow cells on 

day 0, targeting 4 x 108 total nucleated cells (TNC)/kg recipient weight.

Graft-versus-host disease (GVHD) prophylaxis in MRD and URD recipients started with 

tacrolimus from day −3 and methotrexate 5 mg/m2 IV on days +1, 3, 6 and 11. The dose of 

tacrolimus was titrated to achieve serum levels between 5 and 10 ng/ml. Immunosuppression 

was stopped at 6 months post-transplant in the absence of GVHD.

Post-transplant immunosuppression for HRD recipients consisted of cyclophosphamide 

(PT/Cy) 50 mg/kg/d IV for 2 days (+3 and +4), followed by tacrolimus and mycophenolate 

mofetil, 15 mg/kg IV/PO every 12 hours, starting on day +5–35. Immunosuppression with 

tacrolimus was stopped at 6 months post-transplant in the absence of GVHD.

Supportive Care

Standard guidelines for supportive care established at the National Institutes of Health 

Clinical Center for patients undergoing allogeneic HSCT were used. These guidelines agree 

with international guidelines for preventing infectious complications among hematopoietic 

cell transplantation recipients.9

The management of non-tuberculous mycobacterial (NTM) infections has been previously 

described.10 In brief, when possible, the infection was treated to minimize the burden of 

active infection at transplantation, but in cases in which active infection at transplant was 

suspected, treatment was continued through and after transplant with regimen modifications 

to minimize drug interactions.

For viral testing, Epstein-Barr virus (EBV), Cytomegalovirus (CMV), Human Herpes virus 

6 (HHV-6), adenovirus and BK virus quantitation was performed on EDTA whole blood 

and/or urine. The tests were developed and performance characteristics determined by the 

Department of Laboratory Medicine, NIH and have not been cleared or approved by the US 

FDA. For EBV and CMV, units of copies/mL were calibrated to International Units (IU)/mL 

beginning October 2014 and for BK virus in August 2016.

Immune reconstitution of T, B, and NK Cells and monocytes, cytogenetic analysis, and 

analysis of chimerism were as previously described.10

Statistical Analysis

Descriptive statistics were used for chimerism, monocyte, NK cell and lymphocyte counts. 

Overall survival and event-free survival were described by Kaplan-Meier estimates.
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Results

Demographics

The clinical characteristics of the study population are described in Table 1. There were 9 

males and 13 females in the study. The median age was 26 years (range, 17 to 45) with a 

median duration of clinical illness of 11.2 years (range, 1 to 37). Twenty patients had 

confirmed GATA2 mutations; two had the MonoMAC phenotype. Seven of the 22 patients 

had at least one episode of NTM infection. Pre-transplant co-morbidities were frequent, 

including an EBV-associated smooth muscle tumor in one patient (previously reported).11 

Three patients had sensorineural hearing loss, two had Emberger syndrome, and two patients 

had progressed to AML. Human papillomavirus (HPV) disease, due to both high- and low-

risk types, was common: 12 patients had warts of the hands and feet. Cervical, vaginal and 

anal HPV disease was present at baseline in 7/13 women, including intraepithelial neoplasia 

stage 2 in 2, stage 3 in 4 and a previously resected squamous cell carcinoma in one. Ten of 

the 22 patients had a family history of GATA2 deficiency with an affected first-degree 

relative.

Hematologic Status

All patients were leukopenic with a median absolute neutrophil count 1.19 K/μl, 

interquartile range (IQR .84–2.18), absolute lymphocyte count 0.76 K/μl (IQR 0.43–1.16), 

CD19+ cells 10/μl (IQR 1.75–21.5), monocytes 10 K/μl, (IQR 0–22.5), NK cells 7.5/μl (IQR 

0.75–39.8), and were anemic with median hemoglobin 10 g/dl (IQR 8.5–11.6). Bone 

marrow examination was consistent with MDS in all 22 patients (median cellularity 30%, 

IQR 18.8–40%). In two patients MDS had transformed to AML. One AML patient was in 

complete remission at transplant following induction chemotherapy, while the second (URD 

patient 3) had residual disease at transplant, with a ten-year history of MDS with trisomy 8 

prior to the diagnosis of GATA2 deficiency. She transformed from mild MDS to AML M5a 

with 85% blasts along with new cytogenetic abnormalities over a 4-month interval (Figure 

1). Clonal cytogenetic abnormalities were present in 11/22 recipients at the time of 

transplant (Table 1), with trisomy 8 in 5, monosomy 7 in 3, trisomy 1q, an unfavorable 

marker, in 2, and one patient (URD 7) with AML and 5q−/13q+. 12

Pulmonary abnormalities and status

Pulmonary evaluation consisted of chest CT and pulmonary function tests (PFTs). 

Brochoalveolar lavage (BAL) was performed if indicated prior to transplant. Radiographic 

abnormalities consisted of ground-glass opacities in 10 cases, tree-in-bud findings in 2, and 

nodular and/or cystic disease in 9, and pulmonary parenchymal mosaicism and effusions 

(Supplementary Table 1). The most common PFT abnormality was a decreased diffusion 

capacity (median DLadj 59% reference, IQR 49–84%), judged to be mild in 6, moderate in 

11.

Characteristics of Allogeneic Hematopoietic Stem Cell Transplant

For the 22 recipients, there were 2 matched related donors (MRD), 13 matched unrelated 

donors (URD) and 7 haploidentical related donors (HRD) (Table 2). Bone marrow was used 
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for all HRD recipients and was increasingly used as the donor source for MRD/URD during 

the study. In total, 8 MRD/URD patients received PBSC, while 7 received bone marrow. The 

mean CD34+ cell dose for MRD/URD recipients was 5 x 106 cells/kg recipient body weight 

(range, 1.3 to 8.6 x 106 CD34+ cells/kg). Similarly, the mean CD3+ dose for MRD/URD 

recipients receiving PBSC was 2.4 x 108 CD3+cells/kg, whereas the mean CD3+ cell dose 

for MRD/URD receiving bone marrow was a log lower at 2.9 x 107 CD3+ cell/kg. The cell 

doses were comparable in the HRD bone marrow recipients with a mean of 5.1 x 106 CD34+ 

cells/kg and 4.3 x 107 CD3+ cells/kg.

Busulfan dosing, based upon the area under the concentration versus time curve (AUC) of a 

0.8 mg/kg test dose, was targeted at a daily AUC of 3600–4800 μMol*min. MRD/URD 

recipients received a median daily targeted busulfan AUC of 4600 μMol*min administered 

over 4 days (cumulative median systemic exposure of busulfan of 18,400 μMol*min) . HRD 

recipients received a median daily targeted busulfan AUC of 4400 μMol*min administered 

for 2–3 days (cumulative median systemic exposure of 9400 μMol*min.

Engraftment

Neutrophil and platelet engraftment, defined by recovery of absolute neutrophil count 

(ANC) to > 500/μL x 3 days and platelets > 20,000/μL without transfusions for MRD/URD 

recipients occurred at a mean of 11.8 days (range 9–20) for neutrophils and 13.8 days (range 

8–26) for platelets. Neutrophil engraftment for HRD recipients occurred at a mean of 15.4 

days (range, 14–18) and platelet engraftment at a mean of 16.4 days (range, 11–25).

Adverse events and chimerism

There were no primary graft failures. All recipients had 100% myeloid chimerism by day 

100, with the exception of URD recipient 3, who relapsed with AML by day 30, underwent 

a second transplant, but died from persistent AML. CD3+ cell chimerism was more variable 

in the MRD/URD cohorts. One MRD patient had 29% donor CD3+ cell chimerism at day 

100; this increased to 91% by one year post-transplant, coincident with the tapering of 

immunosuppression. One URD recipient (URD patient 9) with 56% donor CD3+ cell 

chimerism at day 100 required additional immunosuppression for skin GVHD and the 6 

months chimerism remained low at 59%.

Reversal of the Clinical Phenotype

We anticipated that the infectious complications present in the GATA2 patients might be 

problematic with HSCT, but that was not the case. Two patients had evidence of post-

transplant immune reconstitution affecting sites of previous infection.

Viral infections, especially with HPV, are a hallmark of GATA2 deficiency. Aggressive, 

refractory and recurrent cervical and vulvovaginal disease with high grade squamous 

intraepithelial lesions (HGSIL) and intraepithelial neoplasia was present in 7 women pre-

transplant. Despite resolution of precancerous lesions, persistence of warts was common. 

However, 2 patients had persistent or recurrent intraepithelial neoplasia through 1.5 years 

post-transplant, and one patient developed HGSIL post-transplant. These three patients 

required additional immunosuppression for aGVHD. A patient with an EBV smooth muscle 
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cell tumor had continued radiographic evidence of control of the tumor in the liver and 

resolution of other inflammatory lesions through 3 years post-transplant.11

MDS, present in all patients prior to HSCT, and its accompanying cytogenetic changes (9/22 

patients, trisomy 8, monosomy 7, and trisomy 1q and multiple abnormalities in two 

patients), completely reversed by day 100 following HSCT except in the patient with 

refractory AML.

Pulmonary disease was present in 18/22 patients prior to HSCT and in general responded 

well to HSCT with URD patient 11 having complete resolution of pulmonary arterial 

hypertension (Supplementary Table 1).

Emberger syndrome, with lymphedema in 2 patients, was not reversed by HSCT.

Outcomes

With a mean follow-up of 24 months (range, 9–50 months), 19/22 patients are alive with an 

86% overall, disease-free survival (Figure 2). There were three deaths in the URD group, 

none occurring in the first 100 days post-transplant, indicating the low regimen-related 

mortality (Table 2). Of the three deaths, one was the result of refractory AML, one from 

GVHD, and one from sepsis.

GVHD

Despite 10/10 HLA matching in all MRD and URD recipients, four of the 15 (26%) 

developed grade III–IV acute GVHD (aGVHD) following prophylaxis with tacrolimus and 

methotrexate. All 4 patients required treatment with high-dose corticosteroids, and two 

received infliximab/basiliximab for steroid-refractory or steroid-requiring disease (Table 2) 

(Figure 3A and 3B). No HRD recipient developed grade III–IV aGVHD.

Chronic GVHD (cGVHD) also occurred at a considerably higher rate in the MRD/URD 

recipients than in the HRD recipients, all of whom received post-transplant 

cyclophosphamide (PT/Cy) (Table 2) (Figure 3C and 3D). Seven of the 15 MRD/URD 

recipients (46%), and two of the 7 HRD recipients (28%) developed cGVHD.

Reconstitution of Lymphoid and Monocytic Cells Post-Transplant

All patients had complete reconstitution of CD56+ NK cells and monocytes by day 30 in all 

recipients. CD19+ B cell recovery occurred by 6 months in the HRD recipients, but was 

delayed to one year in MRD and URD recipients. (Figure 4A and 4B).

Post-transplant Complications

Two patients, URD recipients 6 and 10, had autoimmune cytopenias following transplant. 

An autoimmune hemolytic anemia (AIHA) in URD patient 6 developed 6 months post-

transplant and required intravenous immunoglobulin (IVIG) after high-dose corticosteroids 

and erythropoietin were ineffective. Similarly, URD patient 10 developed an AIHA and 

thrombocytopenia that ultimately resolved following treatment with high-dose 

corticosteroids, IVIG, eltrombopag, and erythropoietin.
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T-Cell Subsets Following HSCT

T-cell populations are generally intact before HSCT in GATA2 deficiency. Most patients had 

excellent recovery of naive CD4 and CD8 T-cells after HSCT (Supplementary Figs. 1A and 

1B), without a major expansion of effector memory (EM) or EM-RA+ cells by one year 

following HSCT, consistent with the low level of reactivation of viruses such as CMV.

Viral Reactivations

Only one patient had evidence of Epstein-Barr virus (EBV) reactivation requiring 

intervention, although 9 patients had intermittent viremia pre-transplant. One patient 

received pre-emptive rituximab for an EBV viremia >4 log10 and concomitant steroid-

refractory GVHD, 5 had CMV reactivation (no disease), 5 had reactivations of HHV-6 

(generally <3 log10) and there were 11 cases of BK viruria, with 3 episodes of hemorrhagic 

cystitis (2 HRD recipients). Only one patient reactivated or acquired adenovirus 

(asymptomatic) as assessed by blood PCR.

Discussion

We present encouraging results with allogeneic HSCT for GATA2 deficiency in 22 

recipients of MRD, URD, and HRD grafts. All patients engrafted, with an overall disease-

free survival at 24 months of 86%. One URD patient died from refractory AML, one URD 

patient died from GVHD, and one URD patient died from sepsis. The rates of grade III–IV 

aGVHD and moderate-to-severe cGVHD in the 10/10 matched donor cohorts were 26% and 

46%, respectively. There was no Grade 3–4 aGVHD in the HRD cohort, although 2/7 

patients developed moderate-to-severe cGVHD.

The optimum timing and indications for allogeneic HSCT in GATA2 deficiency remain 

challenging. Moreover, there are limited data in this regard. 10, 13 However, three factors 

play important roles in the indication and timing of transplant: frequency and severity of 

infections, secondary organ damage such as pulmonary changes, and myeloid progression of 

cytopenias and cytogenetic abnormalities.

In approximately one-half of our patients with GATA2 deficiency, infections prompted 

HSCT. In contrast to our previous report of HSCT in GATA2 deficiency in which 12 of the 

14 patients had NTM, many with recurrent episodes, only 7 of the 22 patients in the current 

study had NTM.10 This is most likely due to earlier syndromic recognition, facilitated by 

genetic diagnosis.

Progressive organ damage, frequently pulmonary, led to HSCT in several patients. NTM 

infections, bronchiectasis, and PAP, either alone or in combination, led to abnormal chest CT 

scans in 19/22 patients. These abnormalities ranged from ground glass opacities, to fibrosis, 

infiltrates, nodules, and effusions. In our previous study, 3/14 patients received whole lung 

lavage for PAP prior to transplant, but the risk of pre-transplant whole lung lavage, and the 

rapid responses in PAP observed in previous GATA2 HSCT recipients. led us to abandon 

that practice. Pulmonary diffusion capacity post-transplant is complex, as decreases in 

diffusion are commonly seen post-HSCT.14 This effect will be weighed against 

improvements related to the reversal of PAP in this patient population.15
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Myeloid dysplasia with progressive cytopenias and new cytogenetic changes in the bone 

marrow prompted HSCT in approximately one-half of the patients in this study. GATA2 
plays a central role in the maintenance of hematopoietic stem cells (HSC) in mice and men, 

and murine HSC which are haploinsufficient for GATA2 expression perform poorly with 

wild-type GATA2 murine HSC in competitive reconstitution assays.16 Although the 

progression from a normocellular bone marrow to hypoplastic MDS to AML or CMML is 

highly variable- perhaps requiring additional somatic mutations for expression of the 

phenotype – the development of AML or a proliferative CMML occurs frequently enough to 

warrant close monitoring of GATA2 mutated patients. Illustrative of this point, URD patient 

3 progressed from MDS to a refractory AML with 85% monoblasts within four months. 

MDS was present in all 22 of the patients in this study, and both cases of AML arose from 

an MDS marrow background.

Cytogenetic changes, present in 50% of this group, (trisomy 8 the most frequent) were 

frequently progressive. This contrasts with the study by Wlodarski in teenagers with MDS in 

which monosomy 7 was the most common cytogenetic abnormality. 17 Three patients in our 

study developed additional cytogenetic changes during the period of observation, including 

two with trisomy 1q, and prompted HSCT in all three cases.

Ideally, a reduced intensity conditioning regimen would reverse the phenotype of GATA2 

deficiency, thus enabling patients with pre-existing, severe, end-organ damage to undergo 

HSCT. However, utilizing a nonmyeloablative conditioning regimen in 14 patients with 

GATA2 deficiency, we achieved a 75% disease-free survival in the 8 patients with MRD and 

URD. 10 There was one relapse requiring a second transplant and one death from graft 

rejection, suggesting that a more intensive conditioning regimen might result in an improved 

disease outcome.

The malignant myeloid predisposition of GATA2 deficiency appears to require complete, or 

near complete, donor chimerism. Thus, GATA2 deficiency differs from many other primary 

immunodeficiency diseases in which high levels of donor chimerism are not required to 

correct the phenotype. We adapted the previously described nonmyeloabaltive regimen for 

haploidentical related donors from Johns Hopkins by adding two to three days of busulfan 

since the GATA2 deficiency patients had no previous exposure to chemotherapy, and 

typically were taken directly to transplant. 20

The optimal busulfan exposure in children and young adults prior to hematopoietic stem cell 

transplantation appears to be coming into focus. In a recent, multicenter, retrospective cohort 

analysis, Bartelink and colleagues compared the outcome in 790 patients and identified a 

cumulative AUC of busulfan of 78–101 mg x h/L that resulted in the optimal outcome with 

77% event free survival. 18 In our study we administered busulfan at a targeted daily AUC of 

3800 to 4800 μMol*min, corresponding to a cumulative AUC of 65–80 mg x h/L.19 Patients 

with AML or MDS with unfavorable cytogenetics received a targeted daily AUC closer to 

4800 μMol*min (80 mg x h/L), whereas patients with a hypocellular MDS and normal, 

favorable, or intermediate cytogenetics received a daily AUC targeted closer to the lower 

range, which still led to successful engraftment, despite the use of bone marrow in nearly 

one-half of the patients. There was no graft failure and one case of refractory AML.
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Together with our previous studies using a nonmyeloablative regimen, it appears that if 

GATA2 deficiency patients are transplanted earlier in the course of disease (with a 

hypocellular bone marrow with MDS and without cytogenetic changes), a reduced intensity 

regimen may result in reliable engraftment, since the GATA2 deficient marrow has a 

proliferative disadvantage.16 However, with the development of clonal progression and 

unfavorable cytogenetic changes and/or a hypercellular marrow, where a malignant clone 

may have a proliferative advantage, a higher dose regimen may result in more reliable 

engraftment and eradication of the malignant clone.10

Haploidentical related donors are our preferred donor in the absence of a fully matched 

MRD or URD, since our cord blood transplants led to unacceptable outcomes.10 Our results 

with HRD are notable with engraftment in all 7 recipients and eradication of all cytogenetic 

abnormalities. The regimen used is based on the non-myeloablative regimen pioneered by 

Luznik et al., but 2 or 3 days of busulfan have been added to address the need for elimination 

of cytogenetic/clonal abnormalities, which has been successful .20 The incidence of grade 

II–IV aGVHD was 57%, with no grade III–IV aGVHD. However, two patients developed 

moderate-to-severe cGVHD. With post-transplant cyclophosphamide (PT/Cy) there was no 

grade III–IV aGVHD, a low incidence of cGVHD, and there was an expansion of patients 

with an acceptable donor.

Allogeneic HSCT remains the only definitive therapy for GATA2 deficiency. However, the 

decision to undertake allogeneic HSCT should be weighed against the complications 

inherent to HSCT including regimen related toxicity, GVHD, infection, and death. Similarly, 

the timing of HSCT is coming into focus. Infections, progressive cytopenias, myeloid 

progression, and new cytogenetic changes all contribute to the decision to proceed to 

allogeneic HSCT. HSCT results in a considerably improved outcome if carried out prior to 

the development of end-organ damage or progression to AML or CMML. Identifying more 

precise molecular indicators of myeloid transformation would enable earlier HSCT in higher 

risk individuals.

In summary, we report the results of allogeneic HSCT for GATA2 deficiency in 22 recipients 

using three different donor types, applying a busulfan-based myeloablative conditioning 

regimen in the presence of cytogenetic abnormalities, and adding post-transplant 

cyclophosphamide for HRD recipients. All patients engrafted. Deaths in 3 recipients were 

related to the persistence of AML in one patient, the development of aGVHD in one patient, 

and sepsis in a third patient. Longer follow-up will be necessary to define the evolution of 

pre-transplant morbidities, especially pulmonary and HPV-related disease, but hematologic 

reconstitution and persistent eradication of clonal cytogenetic abnormalities using this 

regimen has been observed.

In our current study of HSCT for GATA2 deficiency, we are extending the use of PT/Cy to 

the MRD and URD cohorts in order to reduce the incidence of aGVHD and cGVHD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Multiple phenotypes of disease complicate the choice of conditioning for 

stem cell transplantation in GATA2 deficiency.

• Reduced intensity has been insufficient for engraftment or prevention of 

relapse of hematologic disorders or cytogenetic abnormalities.

• A busulfan-based regimen targeted an AUC betwen 3600 and 4800 μMol*min 

and added post-transplant high dose cyclophosphamide for graft-versus-host 

disease prophylaxis in recipients from haploidentical donors.

• Engraftment was achieved in all recipients. Disease-free survival was 86%, 

and the phenotype of GATA2 deficiency was reversed in all recipients except 

the refractory AML patient.

• Post-transplant cyclophosphamide led to successful engraftment with a low 

incidence of acute GVHD in recipients from haploidentical donors.
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Figure 1. 
Rapid evolution from MDS to AML in patient with germline GATA2 mutation. A–C. 

Baseline bone marrow from a 24-year-old female at first visit to NIH bone marrow failure 

clinic. Core bone marrow biopsy showing hypocellular bone marrow for age (A). Bone 

marrow aspirate smear showed atypical large megakaryocytes with separated nuclear lobes 

(B), mildly atypical myeloid maturation with a subpopulation of hypogranular and 

hyposegmented forms (C), and no increase in blasts. Cytogenetic analysis revealed trisomy 

8. D–E. Bone marrow 4 months later. Core bone marrow biopsy shows a markedly 

hypercellular marrow (D). Sheets of leukemic blasts are present on the bone marrow aspirate 

(E and F). By flow cytometric analysis the blasts were of immature monocytic lineage 

expressing CD33 (bright), CD64, CD36, CD56 (bright), HLA-DR, CD123, CD45, CD11b 

(partial), CD4 (dim), and CD38; and were negative for myeloperoxidase, CD34, CD13, 

CD117, CD19, CD3, CD2, CD7 and CD10; and largely negative for CD14. Cytogenetic 

analysis revealed trisomy 8 and acquisition of trisomy 20.
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Figure 2. 
Kaplan-Meier curves showing disease-free survival according to type of donor in GATA2 

patients.
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Figure 3. 
Incidence of acute and chronic GVHD in matched related and unrelated donors and in 

haploidentical related donor recipients. A. Acute GVHD in matched related and unrelated 

donor recipients. B. Acute GVHD in haploidentical related donor recipients. C. Chronic 

GVHD in matched related and unrelated donor recipients. D. Chronic GVHD in 

haploidentical related donor recipients

Parta et al. Page 16

Biol Blood Marrow Transplant. Author manuscript; available in PMC 2019 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Parta et al. Page 17

Biol Blood Marrow Transplant. Author manuscript; available in PMC 2019 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Reconstitution of CD19+ B cells, CD4+ T cells, CD8+ T cells, and monocytes 100 days, 6 

months, and 1 year after transplantation in GATA2 deficient patients. A. Matched related 

(MRD) and unrelated donor (URD) recipients. B. Haploidentical (haplo) related donor 

recipients.
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