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Abstract
Background: We present comparative data of children with Fanconi anemia undergoing haploidentical hema-
topoietic stem cell transplantation (HSCT) with or without the addition of rabbit anti-thymocyte globulin (r-
ATG) to the conditioning regimen.
Patients and methods: This retrospective study included children with Fanconi anemia aged up to 18 years who
underwent haploidentical HSCT between January 2015 and December 2022. The children were included in two
cohorts in this study. Cohort 1 included children who received conditioning with fludarabine/cyclophosphamide/
single fraction of 2 Gy TBI. The children in cohort 2 received the same conditioning along with r-ATG. Post-
transplant cyclophosphamide was administered at a dose of 25 mg/kg on day3 and day4 in both cohorts.
Results: A total of 35 children were included in the study, 25 in cohort 1 and 10 in cohort 2. Neutrophil engraft-
ment was documented around day 14-16 post infusion in 21 children (84%) in cohort 1 and in 8 children (80%)
in cohort 2. There was a significant difference in the incidence of the severity of graft versus host disease
(GVHD) between the two cohorts (p = 0.003). In cohort 1, acute GVHD was documented in 17 children (68%),
with grade 1/2 skin GVHD in 10 children, and grade 3/4 skin and gut GVHD in 7 children. Grade 4 gut GVHD
was the cause of death in three children in cohort 1. In cohort 2, acute GVHD was documented in one child
(10%) who had grade 4 skin and gut GVHD and succumbed to the above. Chronic GVHD was noted in nine
(36%) children in cohort 1, and in one child (10%) in cohort 2. Cytomegalovirus reactivation was documented in
11 children (44%) in cohort 1 and three children (30%) in cohort 2. Overall survival was found to be 16/25
(64%) in cohort 1, with a median follow-up of 49 months, and 7/10 (70%) in cohort 2, with a median follow-up
of 12 months.
Conclusion: Serotherapy with r-ATG significantly reduced the incidence of GVHD from 68% to 10% in children
with Fanconi anemia, with an increase in overall survival from 64% to 70%, although it did not affect graft fail-
ure. Further studies should focus on decreasing graft failure rates with early HSCT before multiple transfusions.
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Introduction
Fanconi anemia (FA) is an inherited bone marrow

failure syndrome characterized by an underlying DNA

breakage repair defect. Hematopoietic stem cell trans-

plantation (HSCT) is an established curative option for

correcting hematopoietic defects. When considering the

underlying risk of long-term complications associated

with regimen-related toxicity, graft-versus-host disease

(GVHD), and the risk of secondary malignancies, con-

ditioning regimens need to be tailored to ensure en-

graftment while reducing the risk of late effects.

Several groups have reported the efficacy of haploi-

dentical HSCT for Fanconi anemia and the effects of

various conditioning regimens1, 2. Administration of cy-

clophosphamide at a dose of 50 mg/kg at the 72nd hour
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is a strategy for haplo-HSCT with unmanipulated T-

replete stem cells3, 4. It has been shown to effectively re-

sult in engraftment with limited incidence of GVHD5.

To reduce exposure to alkylating agents, the recom-

mended dose of PTCy for Fanconi anemia is 25 mg/kg

on day3 and day4. However, there is a trend towards

increased rates of chronic GVHD with these aforemen-

tioned doses7.

Several globulin (ATG) is effective in preventing

GVHD, with a significant reduction in the rates of

acute and chronic GVHD8, 9. The combination of PTCy

and ATG has been shown to have synergistic effects on

T lymphocyte depletion, with ATG depleting early ac-

tive T lymphocytes and PTCy acting on proliferating

lymphocytes10.

The authors have published outcome data on haplo-

HSCT with PTCy using a regimen including fluda-

rabine, cyclophosphamide, and single-fraction total

body irradiation (TBI) of 2 Gy11. Significant rates of

acute and chronic GVHD were noted, and the protocol

was modified to include rabbit anti-thymocyte globulin

(r-ATG). Here, we present comparative data between

two cohorts based on conditioning regimens with or

without r-ATG.

Patients and Methods
This retrospective study included children with Fan-

coni anemia aged up to 18 years who underwent hap-

loidentical HSCT between January 2015 and December

2022. All children were confirmed to have Fanconi ane-

mia using stress cytogenetics and/or whole-exome se-

quencing. High-resolution HLA typing was performed

for all children, their siblings, and parents. If no com-

patible matched family donors were found, a search

was performed for matched unrelated donors in regis-

tries worldwide. Families were then counseled for hap-

loidentical HSCT, and the children were screened for

the presence of anti-HLA antibodies using single-

antigen bead assays. Children were considered for

HSCT after donor-specific antibodies were excluded.

Sibling donors were screened for the presence of under-

lying mutations.

Children were included in two cohorts in this study.

Cohort 1 (Figure 1A) included children who received

conditioning with fludarabine 30 mg/m2/day from day-7

to day-2 for 6 days and cyclophosphamide 5 mg/kg/day

on day-3 and day-2 along with a single fraction of 2

Gy TBI on day-1. Children in cohort 2 (Figure 1B) re-

ceived the same conditioning regimen along with r-ATG

from day-4 to day-2 for 3 days at a dose of 1.5 mg/kg/

day. Post-transplant cyclophosphamide was adminis-

tered at a dose of 25 mg/kg on day3 and day4 in both

cohorts. In addition to PTCy, GVHD prophylaxis in-

cluded calcineurin inhibitors, namely tacrolimus, and

the dose was titrated based on levels to be maintained

between 5-15 ng/ml.

Since 2017, all children in the group undergoing hap-

loidentical HSCT with PTCy have received continuous

infusion of N-acetylcysteine on day3 and day4 post in-

fusion. This reduced free radical injury, regimen-related

toxicity, and cardiotoxicity associated with PTCy11.

Echocardiography was performed for all children after

completing PTCy, and medications were instituted after

discussion with a cardiologist and pediatric intensivist,

if needed.

Donor chimerism was monitored by fluorescence in

situ hybridization (FISH) in sex-mismatched HSCT and

by polymerase chain reaction (PCR) in same-sex HSCT.

Viral reactivation of cytomegalovirus, adenovirus, and

Epstein Barr virus (EBV) was monitored through PCR

post-engraftment in all children, once weekly up to day

30, and then further based on the risk of reactivation.

Acute and chronic GVHD were graded as per National

Institute of Health (NIH) criteria and guidelines12, 13. The

study was approved by the institutional review board

and written informed consent was obtained from the

parents or guardians of all children before HSCT.

The study has received full board approval from the

institutional review board and the approval number is

ASH-C-S-034/12-23.

Statistical Analyses
Descriptive statistics are presented as frequency (per-

centage) and mean (SD) for categorical and continuous

factors, respectively. The median (IQR) is presented for

skewed continuous factors. Normality of the data was

checked using the Shapiro-Wilk test. Chi-square/

Fisher’s exact test was used to determine the association

between factors and cohorts. Student’s t-test or Mann-

Whitney U test was used to determine significant

changes in the follow-up time between cohorts. Kaplan-

Meier survival curve analysis was performed, and sur-

vival time was compared between the two cohorts using

the log-rank test. p-value<0.05 is considered as statisti-

cal significance. All analyses were performed using

SPSS software (IBM, Armonk, NY, USA, version 28.0).

Results
A total of 35 children were included in the study: 25

in cohort 1 and 10 in cohort 2. Next-generation se-

quencing data were available for 20 children and this

included homozygous mutations in the FANCA gene in

12 children and in the FANCC gene in 8 children. The

19 children in cohort 1 were included in a previous

study11. In cohort 1 (n=25), the median age was 8 years
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Figure　1.　Conditioning regimen schedule for Fanconi anemia

Figure 1A: Fludarabine/cyclophosphamide/TBI 2GY/PTCY based conditioning 

Figure 1B: Fludarabine/Cyclophosphamide/Rabbit ATG/TBI 2GY/PTCY based conditioning

Flu, fludarabine; Cy, cyclophosphamide; TBI, total body irradiation; GY, gray; r-ATG, rabbit anti thymocyte 

globulin
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(range, 2-20), with 14 males and 11 females (M:F=1.2:

1). Nine children (36%) received more than 15 transfu-

sions including packed red blood cells and platelets,

prior to HSCT. The donor type was haploidentical fa-

ther in 17 children (68%) and haplo-matched siblings in

8 children (32%). The source of stem cells was periph-

eral blood stem cells (PBSC) in 21 children (84%) and

bone marrow in 4 (16%). Anti-HLA antibodies were

noted in one child in the first cohort, which was not

donor-specific, and the range of mean fluorescence in-

tensity (MFI) was 5,000. The mean infused CD34 cell

dose was 5×106 cells/kg recipient body weight (range,

5-7.2). No cardiotoxicity was observed in this cohort.

In cohort 2 (n=10), the median age was 7 years

(range, 5-10), with four males and six females (M:F=

0.6:1). Four children (40%) received more than 15

transfusions before HSCT. The donor type was the fa-

ther in seven children (70%) and the mother in three

(30%). All the children (100%) in cohort 2 received

PBSC as the stem cell source. Four children (40%) had

non-donor-specific anti-HLA antibodies, with an MFI

ranging from 1,000 to 8,000. The mean infused CD34

cell dose infused was 5.9x106 cells/kg recipient body

weight (range, 5-7.7).

On comparing the outcome variables between the

two groups, the median time to achieve neutrophil en-

graftment was day 13 (range, 12-16) post-infusion in 21

children (84%) in cohort 1 and day 12 (range, 11-14) in

eight (80%) in cohort 2. Culture-positive bacteremia in

the neutropenic period was documented in four children

(16%; three Klebsiella pneumoniae, one Enterococcus

species) in cohort 1 and in 2 children (20%) in cohort

2, with isolation of E. coli in both children. In both co-

horts, the bacteria isolated were ESBL-positive, and

negative cultures were documented 48 hours after anti-

biotic escalation, according to drug sensitivity and an

infectious disease specialist review.

A significant difference was observed in the inci-

dence of GVHD severity between the two cohorts (Ta-
ble 1). In cohort 1, without r-ATG, acute GVHD was

documented in 17 children (68%), with grade 1/2 skin

GVHD in 10 children, and grade 3/4 skin and gut

GVHD in 7 children. Grade 4 gut GVHD was the

cause of death in three children in cohort 1. In cohort

2, acute GVHD was documented in one child (10%)

who had grade 4 skin and gut GVHD and succumbed
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Figure　2.　Kaplan-Meier survival curve depicting overall survival was 16/25 (64%) in cohort 1 with a median follow-up of 
49 months, and 7/10 (70%) in cohort 2 with a median follow-up of 12 months

Table　1.　Patient demography and background between 
cohort 1 (without r-ATG) and cohort 2 (with r-ATG)

Parameters
Cohort, n (%)

1 (n=25) 2 (n=10)
Age (In years)
　Mean ± SD 8.7 ± 4.7 7.7 ± 1.5
　Range 2 ‒ 20 5 ‒ 10
Gender
　Male 14 (56%) 4 (40%)
　Female 11 (44%) 6 (60%)
Transfusion
　<15 16 (64%) 6 (60%)
　>15 9 (36%) 4 (40%)
HY mismatch 3 (12%) 1 (10%)
Donor type Father 17 (68%) Father  7 (70%)

Sibling　8 (32%) Mother 3 (30%)
HLA disparity 5/10 ‒ 20 (80%) 5/10 ‒ 8  (80%)

6/10 ‒ 3 (12%) 6/10 ‒ 2  (20%)
7/10 ‒ 2  (8%) 

r-ATG, rabbit anti-thymocyte globulin; HLA, human leukocyte 
antigen; SD, standard deviation

to the above. This difference was statistically significant

(p=0.003). Chronic GVHD was noted in nine children

(36%) in cohort 1, with chronic limited skin GVHD in

five children, chronic skin, and mouth GVHD in two

children, chronic genital GVHD requiring surgery for

phimosis in one male child, and chronic liver GVHD in

one child. In cohort 2, chronic limited skin and mouth

GVHD was documented in one child (10%). Cytomega-

lovirus reactivation was documented in 11 children

(44%) in cohort 1 and 3 children (30%) in cohort 2,

with no statistically significant difference in all the chil-

dren responding to ganciclovir. Overall survival was 16/

25 (64%) in cohort 1, with a median follow-up of 49

months, and 7/10 (70%) in cohort 2, with a median

follow-up of 12 months (Figure 2). The causes of death

in cohort 1 (n=9) were primary graft failure in four,

grade 4 gut GVHD in three, and bacterial sepsis in two

children. In cohort 2, the causes of death (n=3) were

primary graft failure in two children and grade 4 gut

GVHD in one child.

Discussion
This study reports comparative data of children with

Fanconi anemia undergoing haplo-HSCT with PTCy,

with or without the addition of r-ATG in conditioning

chemotherapy. Engraftment and viral reactivation rates

remained similar; however, the incidence of acute

GVHD was significantly reduced after the addition of r-

ATG. There was also a decrease in the incidence of

chronic GVHD and an improved overall survival from

64% to 70% with the addition of r-ATG.

Several groups have investigated the combination of

ATG and PTCy. Barkhordar et al. studied the addition

of 40 mg/kg PTCy to a standard ATG backbone in

acute leukemia and found a significantly decreased inci-
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dence of acute and chronic GVHD14. Zu et al. docu-

mented a reduced incidence of non-relapse mortality

and improved overall and disease-free survival in

matched unrelated donor HSCT with a combination of

low-dose ATG at 6 mg/kg and low-dose PTCy at 20

mg/kg15. Similar results were reported by Li et al. in pa-

tients undergoing haplo-HSCT from maternal/collateral-

related donors16.

ATG in Fanconi anemia was studied by Bonfim et

al., in which the rates of severe GVHD were found to

be lower and survival was better in the group that re-

ceived r-ATG7. ATG has also been used to deplete host

T cells, thereby decreasing the risk of graft rejection17.

This is particularly relevant in developing societies,

where patients are referred late after receiving multiple

transfusions without leucodepletion, with significant al-

loimmunization, and the presence of anti-HLA antibod-

ies.

Immune reconstitution has been shown to be delayed

in haplo-HSCT with PTCy, and the addition of ATG

can further reduce this delay. Close monitoring of viral

reactivation is essential, and monitoring of CD4 counts

after HSCT may help predict immune reconstitution18-20.

The limitations of this study include its retrospective

design, small sample size in cohort 2, and short follow-

up period in the second cohort. We plan to perform a

multicenter national prospective study to validate these

results.

Conclusion
Serotherapy with r-ATG had a significant impact on

reducing GVHD from 68% to 10% in children with

Fanconi anemia, with an increase in overall survival

from 64% to 70%, although it did not have an impact

on graft failure. Further studies should focus on de-

creasing graft failure rates with early HSCT before

multiple transfusions.
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