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Abstract
Introduction: HSCT is the curative therapeutic option in PIDs. Due to the increase in 
survival rates, reduced-toxicity conditioning regimens with treosulfan have become 
another alternative. The purpose of this retrospective study was to analyze the out-
come of treosulfan-based conditioning before HSCT for patients with PID.
Method: A total of 15 patients that received a treosulfan-based conditioning regimen 
for HSCT were recruited. Type of diagnosis, donor and stem cell source, pretrans-
plant organ damage, infections, engraftment, chimerism, and transplant-related tox-
icities were analyzed.
Results: At a median follow-up time of 32 months, the overall survival was 86.7%. 
Following HSCT, 14 of 15 patients had engraftment, with 86.7% of the cohort having 
full-donor chimerism. The most common toxicity was seen on the skin (53.3%). Acute 
GVHD and chronic GVHD were documented in 53% and 20% of the study popula-
tion, respectively. Although the cohort consisted of patients with pretransplant liver 
damage, SOS manifestations were documented in 20%.
Conclusion: Treosulfan-based conditioning regimens before HSCT are associated 
with lower toxicity compared to myeloablative regimens, are safe, and have high en-
graftment rates with full-donor chimerism in patients having PID, regardless of the 
specified genetic diagnosis and donor type.
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1  | INTRODUC TION

HSCT has become the standard of care for certain PIDs. The aim of 
HSCT in PID was to produce stable donor engraftment after partial or 
full ablation of the host immunity. Conventional myeloablative regimens 

consist of busulfan, a myeloablative agent with unpredictable pharma-
cokinetic characteristics. Busulfan was reported to be associated with 
SOS and neurotoxicity. Moreover, it is responsible for long-term pulmo-
nary toxicities such as pulmonary fibrosis and interstitial pneumonitis. 
Conditioning regimens with reduced toxicity have become an inevitable 
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strategy for patients with PID, particularly those with pretransplant in-
fections and organ damage due to inflammatory burden.1-4

Treosulfan is a prodrug of an alkylating agent structurally related 
to busulfan and has similar myelosuppressive and immunosuppres-
sive properties. Having a different mode of alkylation and not being 
activated by liver enzymes, the potential of treosulfan for causing liver 
toxicity as well as other tissue damage is reduced.5-7 It has become an 
attractive candidate for use in patients with lymphoid and myeloid ma-
lignancies and been utilized for standard conditioning regimens before 
HSCT.5-7 High engraftment rate and high overall survival were reported 
with minimal toxicities. Liver toxicity, especially SOS, pulmonary hy-
pertension, interstitial pneumonitis, skin toxicity, mucositis, and sei-
zures were lower compared with traditional combinations of busulfan 
and Cy. Also, low GvHD rates were observed in previous studies.2,3,8-12 
Treosulfan has increasingly been used for pediatric patients undergo-
ing HSCT for both malignant and non-malignant diseases.8-10,12

The purpose of this single-center retrospective study was to an-
alyze the outcome of treosulfan-based conditioning regimens before 
HSCT for patients with PID. Here, we reviewed the previous studies 
and reported the results of 15 patients with PID, who selectively 
underwent HSCT using treosulfan-based conditioning regimens in-
stead of standard busulfan-based ones as a consequence of their 
pretransplant organ damage.

2  | PATIENTS AND METHODS

We reviewed the results of 15 patients who received a treosulfan-
based conditioning regimen for HSCT, between 2008 and 2016. 
From 1997 to 2016, 128 transplants with diagnosis of PID were per-
formed in 117 patients. Seventy transplants were conducted without 
conditioning, and busulfan-based myeloablative regimens were pre-
ferred in 29. Treosulfan was available in our country after 2008; all 
patients receiving treosulfan between 2008 and 2016 were recruited 
in this study. Selection of treosulfan conditioning was based on clini-
cal decision due to a high risk of developing transplant-related toxic-
ity, particularly SOS and infections. As treosulfan was an expensive 
option and difficult to obtain in our country, patients with previous 
lung and liver damages were specifically selected for treosulfan con-
ditioning due to high risk of busulfan toxicity in this group of patients. 
Informed consent was taken from all parents according to the local 
center and European Blood and Marrow Transplantation guidelines 
and the Declaration of Helsinki. Patients’ demographics, diagnosis, 
donor match and stem cell source, pretransplant organ damages, in-
fections and engraftment, chimerism, post-transplant organ toxicity, 
and final outcome are presented in Tables 1 and 2, respectively.

2.1 | Engraftment

Engraftment was defined as the absolute neutrophil count being 
higher than 0.5 × 109/L and platelet counts higher than 50 × 109/L 
without transfusion for at least three consecutive days.

2.2 | Chimerism analysis

Donor chimerism was measured using PCR-based amplification of 
short tandem repeat sequences in DNA of the cells following the 
separation from peripheral blood samples by Automated Magnetic 
Cell Sorting (Miltenyi Biotech, Bergisch Gladbach, Germany). Full-
donor chimerism was defined if >95% of the cells were originated 
from the donor. Unsorted PBMC, T-cell, and myeloid cell chimer-
ism analyses are routinely performed, and if needed, B-cell chi-
merism is also analyzed. Chimerisms were monitored on + first, 
second, third, sixth, ninth, twelfth, and eighteenth months post-
transplant and then on an annual basis.

2.3 | Conditioning regimens and GvHD prophylaxis

Treosulfan was administered at a dose of 42 g/m2 or 36 g/m2 in 
three divided doses in three consecutive days according to the 
EBMT guidelines. The lower dose was given to eight patients (53%) 
who were under 1 year of age (median age: 6 months); 42 g/m2 
treosulfan was given to seven patients older than 1 year (median 
age: 5 years). Treosulfan was combined with either Flu (150 mg/
m2) or Cy (200 mg/kg) (13 and two cases, respectively). Eight 
patients received only CsA for GvHD prophylaxis. Four patients 
(three MUD and one Haplo donor) received CsA and MMF, and 
three patients undergoing transplants from MFD received CsA 
and MTX for GvHD prophylaxis. CsA was replaced with tacrolimus 
due to nephrotoxicity in two patients. Additional serotherapy as 
ATG (n = 2) and alemtuzumab (n = 1) was used in three patients. 
Alemtuzumab was conventionally not available in Turkey and 
obtained via compassionate use program. It was administered at 
a dose of 0.6 mg/kg in a T-B-NK+ SCID patient who underwent 
HSCT from MUD. One patient having ITK deficiency, who was also 
diagnosed with EBV-induced Hodgkin lymphoma and was under 
remission although she had persistent EBV viremia, received ritux-
imab on day −10. All patients received ursodeoxycholic acid dur-
ing and after the conditioning, and two patients had prophylactic 
defibrotide. Transplant-related complications (GvHD, infection, 
mucositis, and other toxicities) were graded according to standard 
criteria indicated in references.13-16

3  | RESULTS

3.1 | Patient characteristics

The median age at HSCT was 12 months (range: 3-180 months). The 
diagnoses leading to HSCT of the patients were as follows: three 
SCID, five DOCK8 deficiency, three MHC class 2 deficiency, one 
CD3ζ-chain defect, one interleukin-2-inducible T-cell kinase (ITK) 
deficiency, one CD40L deficiency, and one LAD type 3.

Patients were transplanted from six MFD, four MSD, three unre-
lated (two matched and one mismatch of 9/10), and two Haplo do-
nors. CD34+ stem cell selection and CD3+/CD19+ depletion were 
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performed for the Haplo transplants. BM and G-CSF-mobilized 
PBSCs were utilized as stem cell source in 13 (86.7%) and 2 (13.3%) 
patients, respectively. The two Haplo transplants were performed 
from PBSC.

Prior to HSCT, hepatic problems were documented in nine pa-
tients (Table 1). Cirrhosis was documented in two patients, one of 
whom had sclerosing cholangitis and the etiology was unknown in 
the other. One patient had chronic hepatitis B infection, and six pa-
tients had previous history for hepatotoxicity. Eleven patients had 
one or more episodes of viral infections. Six patients had bronchi-
ectasis, and three patients had chronic diarrhea. The etiology of di-
arrhea was severe inflammatory bowel disease in two patients and 
cryptosporidium parvum infection in one patient. Nine patients had 
BCG vaccination before the diagnosis of PID. All patients received 
ursodeoxycholic acid before and after HSCT.

3.2 | Engraftment
Fourteen of 15 patients had engraftment after the initial HSCT. 
Median time of engraftment for neutrophils, thrombocytes, and 
lymphocytes was 13, 13, and 15 days, respectively. Patient P8 un-
derwent Haplo HSCT with CD3+/CD19+ depletion, which was the 
initial experience of such graft manipulation in our institution per-
formed in line with the study of Slatter et al.17 He had graft failure 
on day 60 post-transplant after receiving antituberculosis drugs iso-
niazid and rifampicin for BCGitis. He had full engraftment follow-
ing a stem cell boost. Engraftment could be accomplished only after 
second transplant from a MFD in patient P2, who underwent HSCT 
initially with CD34+ selection from Haplo donor. BM aspiration re-
vealed hypocellular niche in both patients, and conditioning regimen 
was not given to patients before the second transplant.

Thirteen patients had full-donor chimerism, and two patients (P8 
and P9) had mixed chimera.

3.3 | Survival

In our patient cohort, the median post-transplant follow-up time was 
32 months. Two patients died following HSCT making the overall 
survival 86.7%. P7 who had chronic atelectasis and bronchiectasis 
caused by recurrent pneumonia prior to HSCT died at 13 months 
post-transplant due to multiorgan failure following an exacerbation 
of chronic pulmonary disease. P15 was a SCID patient with Rag1 
deficiency. She had chronic renal failure caused by transplant-
associated microangiopathy likely secondary to tacrolimus. She had 
no response to eculizumab and renal replacement therapies. She 
died following a multidrug-resistant Klebsiella sepsis in intensive 
care unit at 7 months post-transplant.

3.4 | Toxicity

We did not observe severe treosulfan toxicity in our patients. The 
most common toxicity was seen on the skin (53.3%). Severe skin ir-
ritation was observed in infants, rather than in older patients. Three 

patients (P7, P8, and P15) had severe perianal dermatitis and ulcers, 
four patients (P6, P10, P12, and P14) had mild dermatitis, and one 
patient (P4) had balanitis. Six patients (40%) had grade 1-2, and 2 
patients (13.3%) had grade 3 oral mucositis. Seven patients did not 
have any skin reactions or mucositis. Transplantation-related compli-
cations are summarized in Table 3.

Five patients had nausea, and four patients had vomiting; eight 
patients had mild increase in bilirubin and liver enzyme levels all of 
which were resolved spontaneously. Five patients had BCG reacti-
vation after HSCT; P6, P7, P12, P13 had BCGitis, while P8 had both 
BCGitis and extrapulmonary mycobacterial infection. Eleven pa-
tients had one or more viral infections before HSCT (Table 1). Seven 
patients had CMV, and one patient had EBV antigenemia during the 
engraftment period (Table 3). Two patients (P10 and P11) who had 
not received Cy for conditioning developed hemorrhagic cystitis fol-
lowing BK virus infection. Both of them were treated with intravesi-
cal hyaluronic acid (Table 3).

Acute GvHD grade I-III was documented in 8 patients (53%). 
Patient P11, who underwent HSCT from 9/10 mismatch unrelated 
donor, had grade 2 skin and grade 3 intestinal aGvHD. However, 
aGvHD resolved with tacrolimus, MMF, and mesenchymal stem 
cells; he then had mild chronic GvHD on skin. Rest of the patients 
had either grade 1 or grade 2 skin aGVHD. Mesenchymal stem cells 
were infused to four patients having steroid-resistant aGvHD, and 
all of them significantly benefited. Chronic GvHD was developed in 
three patients (20%), two of whom also had acute skin GvHD. The 
most severe cGvHD was documented in patient P10 with extensive 
nodular sclerosing cGvHD on skin, causing contractures in joints.

Of nine patients having liver comorbidities, SOS and mild trans-
aminitis were developed in three and two patients respectively. In 
four patients who had liver damages prior to HSCT, no additional 
liver problems were documented during or after HSCT. SOS mani-
festations were observed in three patients (20%). All patients started 
receiving ursodeoxycholic acid before HSCT. In three patients with 
DOCK8 deficiency (P10 had chronic liver failure prior to HSCT, P11 
had chronic hepatitis B and P12 had moderate transaminitis due 
to recurrent CMV infection and drug side effects), prophylactic iv 
defibrotide (25 mg/kg/d) was administered before HSCT; however, 
grade 4 SOS developed despite prophylaxis. Upon developing SOS, 
defibrotide dose was increased to 40 mg/kg/d, alongside other clin-
ical interventions such as fluid restriction, close monitoring of elec-
trolyte levels, and coagulation parameters. P10 who had idiopathic 
chronic liver failure before HSCT exhibited severe hyperbilirubin-
emia (total bilirubin: 30 mg/dL, direct bilirubin: 22 mg/dL), which 
was controlled with selective plasmapheresis. Twelve months after 
HSCT, she underwent liver transplantation from a deceased donor 
(Table 3).

Pulmonary complications were observed in two patients (13%) 
who had bronchiectasis before HSCT. P14, patient with ITK defi-
ciency and persistent EBV viremia, had bronchiectasis and under-
went segmentectomy due to persistent pulmonary nodules. During 
the post-transplant period, her symptoms relieved and the FEV/FVC 
and diffusion capacity improved. P7, patient with CD3 zeta chain 
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deficiency, had severe lung damage and bronchiectasis due to per-
sistent CMV before HSCT. She developed pulmonary hypertension 
and had respiratory failure 13 months after HSCT.

Five patients (33%) required admission to the intensive care unit 
during their pre-/post-transplant hospital course. Before HSCT, two 
patients (P13 and P5) with severe pneumonia and one patient with 
severe necrotizing pneumonia (P6) needed admittance to intensive 
care unit. All three patients responded to supportive therapies in the 
ICU and thereafter HSCT ensued. During the post-transplant period, 
other two patients (P7 and P15) required intensive care support due 
to respiratory failure and renal insufficiency, both died of multiorgan 
failure as described above.

4  | DISCUSSION

HSCT has become the lifesaving therapeutic option in many PIDs 
for more than 30 years. As a result of the improvement in progno-
sis and increase in survival rates, toxicities of HSCT are of greater 
concern. Reduced toxicity regimens are being preferred for lower 
rates of acute and long-term complications. In previous studies, 
treosulfan-based conditioning protocols used in children with PID 
were shown to have high engraftment rates and high overall survival 
around 80% without the complications associated with traditional 
myeloablative regimens.8-10,12,18,19 In our study group, at 32 months 
of follow-up time, overall survival is 86.7%. Following HSCT, 14 of 
15 patients had engraftment, with 86.7% of the cohort having full-
donor chimerism.

In this retrospective study, we evaluated the transplant-related 
toxicity profiles and outcomes of 15 patients with PID who received 
treosulfan-based conditioning regimens before HSCT. Our study 
was conducted in a patient cohort having a variety of specific de-
fects leading to PIDs. The selection of conditioning was based on 
clinical decision due to a high risk of developing transplant-related 
toxicity, predominantly SOS and infections. Patients with previous 
organ damages, particularly liver and lung, were specifically re-
cruited for treosulfan use. Although our study group was composed 
of high-risk patients having various diagnoses of PID, the overall sur-
vival documented is similar to former studies.8-10,12,19

Major toxicities were not reported in patients receiving 
treosulfan-based regimens. Similarly, toxicities were low in our 
study; however, minor skin complications were more frequent in our 
patients compared to other groups. Skin toxicity was also the most 
common adverse effect attributed to treosulfan, reported as high 
as 49% of the patients in the previous studies.8,9,19 Skin rashes with 
perianal ulcers and exfoliative diaper dermatitis were the common 
presentations of dermatological toxicity. In our group, skin toxic-
ity was documented in 53.3% of the patients and severe perianal 
ulceration was seen in three patients. It is known that the perianal 
dermatitis is likely due to the urinary excretion of active treosul-
fan metabolites, but resolves with local treatment, barrier creams, 
and pain relief. Although we used intensive skin care and frequent 
bathing (four times a day), skin reactions were more frequent in our 

patients, especially in the younger babies under 1 year of age. We 
could not specify a reason for this observation, but it may be be-
cause of genetic variation in our patient cohort causing susceptibility 
to skin reactions with treosulfan metabolites.

In line with the other studies, we did not observe any neurotox-
icity or cardiotoxicity documented during the other myeloablative 
regimens.

Rates of GvHD were generally reported low in several preceding 
studies. Slatter et al8 observed aGvHD in 26% of patients. The inci-
dence of grade 1-2 aGvHD was 19% and that of grade 3-4 was 6% 
in the study of Greystoke et al9 Four of their patients had chronic 
GvHD. In the study of Dinur-Schejter et al,10 which recruited 44 pa-
tients with non-malignant diseases, 27 patients had PID and severe 
pretransplant toxicity. GVHD was observed in 44% of total patient 
cohort. Burroughs et al12 reported that grade 2 to 4 aGVHD oc-
curred in 62%.

In the current study, we observed acute GvHD in 53.3% (8/15) 
of the patients, mostly grade 1-2. Chronic GvHD developed in three 
patients (20%). Although P10 did not have acute GvHD, she had 
chronic skin and intestinal GvHD. She had an idiopathic chronic 
hepatic failure before the HSCT, which led her to liver transplan-
tation following HSCT. She is currently functional under tacrolimus 
treatment. P11 had aGvHD (skin and intestinal) and limited chronic 
skin GVHD. This may be explained with unrelated mismatched (9/10) 
donor transplantation. Our acute GvHD rates are higher than other 
studies, but our cohort consisted of heterogeneous group of pa-
tients with relatively high pretransplant organ damages, which may 

TABLE  3 Transplantation-related complications

n (%)

Second transplantation 2 (13.3)

 Secondary engraftment failure 1 (6.7)

 Primary engraftment failure 1 (6.7)

Deaths 2 (13.3)

Survival 13 (86.7)

Skin reactions 8 (53.3)

Mucositis 8 (53.3)

Pulmonary complications 2 (13.3)

Seizures/peripheral neuropathy None

Acute GvHD 8 (53.3)

Chronic GvHD 3 (20.0)

Vomiting/diarrhea < grade 3 9 (60.0)

SOS 3 (20)

Hemorrhagic cystitis 2 (13.3)

BCGitis 5 (33.3)

Viral reactivations after HSCT 8 (53.3)

 CMV PCR 7 (46.6)

 EBV PCR 1 (6.7)

 BK virus PCR 2 (13.3)a

aPatients with BK virus were also positive for CMV PCR.
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cause an inflammatory burden leading to aGvHD. None of our pa-
tients died of GVHD.

We selected the conditioning regimen based on clinical deci-
sion, and pretransplant liver damage was a factor to prefer treosul-
fan-  rather than busulfan-based regimens. Busulfan has a variable 
metabolism, and its inactivation requires hepatic conversion of me-
tabolites. The drug clearance is also age-dependent, which results 
in unpredictable toxicities. The stable pharmacokinetics of treo-
sulfan and the low rate of liver toxicity were important factors in 
the selection of conditioning. Our study group consisted of patients 
with higher risk of chronic liver impairment following HSCT. One of 
our patients even underwent liver transplantation following HSCT. 
Consequently, there is a selection bias in our patient cohort regard-
ing the liver impairment. Nine of our patients (56%) had to some ex-
tent liver damage. Four patients had severe liver damages, and SOS 
was observed in three of them. Three of the patients with SOS re-
ceived defibrotide, and all of them responded to therapy. In the two 
previous studies, not reporting any SOS cases, they did not include 
patients with severe liver damage.11,12 In a retrospective analysis of 
HSCTs for non-malignant diseases registered in the EBMT database, 
SOS was observed in 5% of the patients receiving treosulfan-based 
conditioning regimen.18 In another retrospective study consisting of 
109 HSCTs for both malignant and non-malignant disorders, hepatic 
SOS was documented in only three patients (2.8%).19 Concisely, 
treosulfan is a good therapeutic option for conditioning in patients 
with high risk of liver damage.

The viral reactivation rate was 53.3% in our study similar to the 
other studies.8,10,12

Intensive care unit admissions were required during pre- and post-
transplant periods in three and two patients, respectively. P7 had 
preexisting respiratory impairment due to recurrent CMV and parain-
fluenza type 3 infections, and BCGitis during the pretransplant period. 
She died in the +13th month due to respiratory impairment and heart 
failure, although she had full-donor chimerism. P15 was a SCID patient 
with Rag1 deficiency. She encountered with transplant-associated 
thrombotic microangiopathy due to tacrolimus toxicity. She had full-
donor chimerism, but succumbed to gram-negative bacterial sepsis.

Here, we reported our single-center experience regarding the 
treosulfan-based conditioning regimens before HSCT in our pa-
tients with PID, having a variety of diagnoses. From 1997 to 2016, 
of 128 transplants, 29 received busulfan-based myeloablative reg-
imens whereby the overall survival rate was recorded as 75.8%, 
which is significantly lower than reduced toxicity treosulfan regimen 
(Table S1). Compared to myeloablative regimens, we did not observe 
conditioning-associated morbidity frequently although the patients 
receiving treosulfan had a high prevalence of pretransplant morbidity, 
particularly liver problems and serious infections. As a study from sin-
gle center, we have limited number of patients from a heterogeneous 
background compared to previous multicentered data. However, as 
a result of our experience we suggest that treosulfan-based condi-
tioning regimens before HSCT are associated with lower toxicity com-
pared to myeloablative regimens, are safer, and have high engraftment 
rate with full-donor chimerism in patients having PID, regardless of 

the specified genetic diagnosis and donor type. Long-term follow-up 
is required for determining late effects of chemotherapy.
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