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   In this review, we pres ent a clin i cal case report and dis cus sion to out line the impor tance of long - term spe cifi c Fanconi 
ane mia (FA) mon i tor ing, and we dis cuss the main aspects of the gen eral man age ment of patients with FA and clin i cal 
com pli ca tions. While sev eral nontransplant treat ments are cur rently under eval u a tion, hema to poi etic stem cell trans plan-
ta tion (HSCT) remains the only ther a peu tic option for bone mar row fail ure (BMF). Although HSCT out comes in patients 
with FA have remark ably improved over the past 20 years, in addi tion to the mor tal ity intrin sic to the pro ce dure, HSCT 
increases the risk and accel er ates the appear ance of late malig nan cies. HSCT offers the best out come when performed 
in opti mal con di tions (mod er ate cytopenia shifting to severe, prior to trans fu sion depen dence and before clonal evo lu-
tion or myelodysplasia / acute mye loid leu ke mia); hence, an accu rate sur veil lance pro gram is vital. Haploidentical HSCT 
offers very good out comes, although long - term effects on malig nan cies have not been fully explored. A mon i tor ing plan 
is also impor tant to iden tify can cers, par tic u larly head and neck car ci no mas, in very early phases. Gene ther apy is still 
exper i men tal and offers the most encour ag ing results when performed in early phases of BMF by infus ing high num bers 
of corrected cells with out genotoxic effects. Patients with FA need com pre hen sive mon i tor ing and care plans, coor di-
nated by cen ters with exper tise in FA man age ment, that start at diag no sis and con tinue through out life. Such long - term 
fol low - up is essen tial to detect com pli ca tions related to the dis ease or treat ment in this set ting.  

   LEARNING OBJECTIVES 
    •  Review mod ern man age ment of Fanconi ane mia and poten tial clin i cal com pli ca tions of the dis ease 
   •  Emphasize impor tance of long - term mon i tor ing plan of patients with FA mainly focused on malig nan cies  

  Introduction 
 Fanconi ane mia (FA) is a rare, mul ti sys tem, genetic dis or-
der, char ac ter ized by bone mar row fail ure (BMF); somatic 
malformations; can cer pre dis po si tion, mainly for acute 
mye loid leu ke mia (AML) and epi the lial can cers of the head 
and neck; and exqui site sen si tiv ity to proinfl ammatory 
cyto kines and alkylating agents. 1,2  

 FA is caused by biallelic inactivating muta tions in 1 of the 
23 genes of the FA / BRCA DNA repair path way. 3,4  In addi-
tion to DNA repair, FA pro teins are involved in numer ous 
func tions, includ ing alde hyde detox i fi  ca tion, 5  infl am ma-
tory cyto kine hyper sen si tiv ity, 6,7  cell cycle reg u la tion via 
the p53 / p21 path way, 8  and oxi da tive phos phor y la tion. 9,10

Disruption of these func tions con trib utes to the exhaus-
tion of hema to poi etic stem cells (HSCs), lead ing to BMF. 
In this review, we pres ent a case report that out lines the 
impor tance of a long - term spe cifi c mon i tor ing plan, and 
we dis cuss the main aspects of the gen eral man age ment 
of patients with FA. 

 CLINICAL CASE 
  A new born native of Bangladesh, born from unre lated 
par ents, with a peri na tal his tory of intra uter ine growth 
retar da tion and small ges ta tional age, presented at 15 
days of life with duo de nal ste no sis requir ing duo de nal -
 jeju num sur gi cal anas to mo sis. Clinical phe no type also 
included fail ure to thrive, micro ceph aly, tri an gu lar vis-
age, hypotelorism, microphthalmia, and right kid ney 
ectopia. Diepoxybutane anal y sis, rou tinely performed 
as a screen ing pro ce dure in our insti tu tion for all  new-
borns with mul ti ple con gen i tal malformations, was pos-
i tive, and a homo zy gous muta tion c.1788T > A p. Tyr596X 
in the    FANCG  gene inherited by each het ero zy gous 
par ent was detected. The patient received a diag no sis 
of FA at 1 month of age in the absence of hema to logic 
abnor mal i ties and ini ti ated the mon i tor ing plan used in 
our cen ter. 1   
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Diagnosis, management, and follow-up postdiagnosis
Diagnosis of FA should always be suspected in the presence of 
BMF with or without associated classical malformations and in 
young patients with de novo BMF, positive family history for BMF, 
spontaneous chromosomal breaks, or unbalanced 1q, 3q, or 7q 
translocations found during the diagnostic workup for myelo-
dysplasia (MDS) or acute myeloid leukemia (AML).1 Furthermore, 
the presence of early-onset tumors in sites classical for FA and 
excessive toxicity after standard-dose chemotherapy should 
also trigger suspicion of an underlying FA diagnosis.1 Diagnostic 
confirmation with the chromosomal fragility test after exposure 
to DNA cross-linking agents (diepoxybutane or mitomycin C) is 
mandatory since this analysis still represents the gold standard 
for the diagnosis of FA. Mosaicism can occur as a consequence of 
molecular events (back mutation, intragenic crossover, gene con
version, compensating deletions/insertion, or gain-of-function  
mutations), generating a correction of a FA mutation in a hema
topoietic stem cell or in a lymphocyte progenitor. In this case, 
the chromosomal fragility test on peripheral blood may be neg
ative, but if the suspicion of FA persists, the test should be per-
formed on “nonblood” chromosomes (skin fibroblasts or hair 
follicles). If positive, it leads to the identification of a mosaic FA.1

Next-generation sequencing has proven to be efficient and 
accurate in the diagnosis of FA and other inherited marrow fail
ures11 and is now part of the routine diagnostic workup. The next-
generation sequencing approach has some difficulties related 
to the interpretation or even to the inconclusiveness of results, 
which may require more comprehensive tools such as whole- 
exome or whole-genome sequencing.1,12 Complementation anal
ysis may still be valuable as a postmolecular functional confirma
tory test in dubious cases.

After diagnosis, patients with FA should undergo baseline 
extensive multiorgan assessment (Table 1) prior to enter a moni
toring plan designed with follow-up by a hematology oncology 
center specializing in inherited bone marrow failure syndromes.1 
The goal for the BMF monitoring plan is to intercept the best 
time for hematopoietic stem cell transplantation (HSCT) and 

to evaluate the degree of cytopenia, the presence of marrow 
dysplastic features or MDS or AML, the presence and type of 
cytogenetic abnormalities, and infections, transfusion loads, 
types of available donors, availability of stem cells, and efficacy 
of nontransplant treatment1,13 (Figure 1).

Regarding the risk of head and neck squamous cell carci
nomas, patients should be encouraged to avoid alcohol and 
tobacco and to maintain good oral hygiene. The oral cavity 
should be examined every 6 months by an expert in oral cancers. 
A large German study14 showed that brushing of visible lesions 
and cytology analysis are highly sensitive (97.7%) and specific 
(84.5%) to identify premalignant and malignant lesions. The addi
tion of DNA ploidy analysis to cytologic examination increased 
the sensitivity and specificity to 100% and 92.2%, respectively. 
Importantly, 63% of malignant lesions were detected at an early 
stage and were curable only with surgery, indicating that this is 
an effective tool for early diagnosis of cancers of the oral cavity.14

Patients with mutations in FANCD1/BRCA2 or FANCN/PALB2 
need specific cancer screenings (ie, brain magnetic resonance 
imaging and kidney ultrasound) because of increased risk of 
medulloblastoma, Wilms tumor, and other cancers.1

In Table 2, we summarize the cancer screening guidelines of 
the American Association of Cancer Research and Fanconi Ane-
mia Research Fund.15,16

Follow-up for other extra-hematologic manifestations is also 
included in the Fanconi Anemia Research Fund guidelines, most 
recently updated in 2020 (Table 2).16

Clonal evolution
Patients with FA have a 30% to 40% cumulative risk of myeloid 
malignancies by age 40 years.17,18 These often arise from clonal 
karyotype abnormalities and unbalanced translocations, leading 
to gains or losses of chromosomes. Some cytogenetic changes 
predict negative outcomes, and their identification is important 
to decide the timing of HSCT19,20 (Figure 1).

Gain of chromosome 1q is the most common abnormality 
in FA; it can occur without MDS/AML and does not necessar

Table 1. Workup for patients with FA after diagnosis

Soon after diagnosis:

Hematologic evaluation
• FBC with differential count
• Serum immunoglobulin levels, peripheral blood immunophenotyping, response to vaccines
• Bone marrow aspiration for morphology and cytogenetics and immunophenotyping
• �Trephine bone marrow biopsy (definition of hematopoietic cellularity, abnormal localization of myeloid progenitors, increased blasts on specific 

CD34 and CD117 staining)

Extensive extra-hematologic evaluation
• Liver, kidney, heart, urinary tract, gastrointestinal tract, skeleton, hearing and visual function evaluation
• Endocrinologic evaluation (thyroid, glucose tolerance, pituitary gland function, gonads in postpubertal subjects)
• Psychological evaluation
• Brain magnetic resonance imaging with angiography for pituitary gland and Moyamoya syndrome
• Assessment for cancers typically associated to FA with special attention to oral cavity

Chromosomal fragility tests in siblings and possibly in relatives

HLA typing of the patient, healthy sibling, and parents

Search of HLA-matched unrelated donor if no healthy HLA-matched sibling is found in the family

Modified from Dufour.1

FBC, full blood count; HLA, human leukocyte antigen.
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ily indicate impending transformation.18 Conversely, monosomy 
7/del(7q) is considered a marker of transformation, requiring 
urgent HSCT.18 Other cytogenetic changes indicating a poor 
prognosis are gain of chromosome 3q, frequently preceding 
monosomy 7/del(7q),21,22 and RUNX1 abnormalities, including 
cryptic translocations, that also indicate immediate HSCT.23

An urgent HSCT is also needed in case of overt MDS/AML, 
and the most attention should be paid to prevent this condi
tion since it has been shown that transplants performed with 
active MDS/AML have a significantly lower overall survival (OS) 
vs those performed in complete remission.24 These findings 
reinforce the need for an accurate monitoring plan to intercept 
the “momentum” and suggest that a cytoreductive approach, 
withstanding the risks of undesired toxicity, should not be 
avoided because of the fear of negative toxic effects during 
post-HSCT.

Regarding pre-HSCT chemotherapy, the FLAG regimen 
(fludarabine 30 mg/m² daily, cytarabine 1 g/m² twice daily for 
five days plus G-CSF), followed by HSCT in the aplastic phase 
(without waiting for hematopoietic recovery), described in a 
French-Brazilian study, led to a 3-year progression-free survival 
and OS of 53% and 53%, respectively, although there was a high 
rate of fungal and viral infections.25

FA diagnosis  

Normal FBC + 
no cytogene�c 
abnormali�es + 
no MDS/AML Mild cytopenia  + 

no cytogene�c 
abnormali�es + 
no MDS/AML 

Moderate  
cytopenia  + 
no cytogene�c 
abnormali�es or no 
poor-risk 
cytogene�c 
abnormali�es  

 

 
Severe  cytopenia  
or MDS but <10% 
blasts or poor risk 
cytogene�c 
abnormali�es  

 

MDS >10% 
blasts or 
AML 

 

FBC  every  6 
months, 
annual BM 
evalua�on  

FBC  every  3 
months, 
BM evalua�on 
every 6 months   

FBC  every 6 weeks,  
BM evalua�on 
every 3-4  months   

HSCT (MRD, MUD, or 
haplo if clinical trials) 

Chemotherapy followed 
by HSCT 

Moderate cytopenia/shi�ing to 
severe 

 

Cytopenia shi�ing
to severe/poor

risk cytogene�cs 

Figure 1. Postdiagnosis hematologic monitoring and decision-making process. Modified from Dufour.1 BM, bone marrow; FBC, full 
blood count; haplo, haploidentical donor; MRD, matched related donor; MUD, matched unrelated donor.

CLINICAL CASE (Continued)
At the age of 3 years, the patient developed a mild cytopenia 
(neutrophils 1.1 × 109/L and platelets 100 × 109/L). Bone marrow 
assessment showed cellularity of 70% (trephine biopsy), no 
dysplastic signs, and normal karyotype.

According to our institutional protocol1 (Figure 1), he received  
complete blood counts every 3 months and bone marrow eval
uation every 6 months. Both remained stable over the following 
2 years.

At the age of 6 years, platelets declined to 70 × 109/L. At the 
next control 3 months later, they suddenly dropped to 7 × 109/L. 
At this point in time, marrow cytogenetic analysis showed a 
complex abnormality (46, XY, add(21)(q22)7/46,XY[]5) and a 
RUNX1 breakage in 34 of 100 nuclei analyzed by fluorescence in 
situ hybridization.

This monitoring program enabled the identification of an 
unexpected condition that required urgent HSCT. No human 
leukocyte antigen–matched family donor was available, and 
the poor prognosis cytogenetic anomalies created a major 
timing concern in identifying a suitable matched unrelated 
donor.
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Table 2. Long-term follow-up of extra-hematologic manifestations in transplants related to underlying disease in patients with FA

Organ or system affected Adverse effects Causes Follow-up

General Short stature
Primary or secondary cancer

FA, HSCT
FA, HSCT, cGVHD

Annual
Dermatology skin cancer  
screening every 6-12 months
Oral self-examinations (or with  
parents’ assistance) once a month
Oral cavity examination every  
6 months

Annual HNSCC examination by 
an otolaryngologist beginning in 
early adolescence

Annual gynecologic evaluation

MRI to detect breast cancer from 
age 20

Annual esophagoscopy/coloscopy 
from age 20

Abdominal ultrasound annually to 
detect liver/kidney tumors or  
neuroblastoma

Increased screening for patients 
with cGVHD and BRCA2 mutation

Skin Pigmentation, dryness, thickening FA, cGVHD Annual

CNS Side effects of radiation
Moyamoya syndrome
Congenital malformations

HSCT
FA

Annual

Eyes Cataract, retinitis
Very dry eyes (sicca syndrome)

HSCT
cGVHD

Annual
As needed

Ear, nose, and throat Sinusitis, very dry mouth (sicca 
syndrome)
Hearing loss

cGVHD
FA HSCT

As needed
Annual

Heart Congenital anomalies
Iron overload

FA
Transfusions

As needed
As needed

Lungs Side effects of HSCT HSCT, GVHD As needed

Liver Chronic liver disease 
(transaminitis) or cholestasis
Iron overload

HSCT, GVHD
Transfusions

As needed
As needed

Kidneys and genitourinary system Congenital anomalies
Chronic renal insufficiency

FA
HSCT

As needed
As needed

GI tract Congenital anomalies
Failure to thrive, functional prob
lems (eg, malabsorption)

FA
FA, GVHD

As needed
As needed

Endocrine Diabetes
Hypothyroidism

FA, GVHD (steroids)
FA, HSCT

Annual, if present as needed
Annual

Gonadal Virilization
Infertility, early menopause

Androgen treatment
FA, HSCT

As needed
Annual

Musculoskeletal Hand and arm abnormalities
Hip dysplasia

FA
FA

As needed
As needed

Psychological Psychosocial issues (eg, anxiety, 
depression)

FA, GVHD, HSCT As needed

Modified from Fanconi Anemia Research Fund guidelines16 and Walsh et al.15

CNS, central nervous system; GI, gastrointestinal; HNSCC, head and neck squamous cell carcinoma; MRI, magnetic resonance imaging.
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HSCT indications
HSCT is the only cure for BMF, but in addition to the mortality 
intrinsic to the procedure, it is also known to increase the risk 
and accelerate the appearance of late malignancies.26,27 There-
fore, indications for transplant should be carefully weighed, 
based on a thorough evaluation of risks and benefits.

Established indications for HSCT in FA include severe cytope-
nia or progression of moderate cytopenia, poor prognosis cyto
genetic aberrations, and overt MDS/AML.1,13,28

Special attention is warranted for BRCA2 patients, who, due 
to the extremely high occurrence of AML (cumulative incidence 
[CI] of 80%) and solid cancers (CI of 97%) within the first 10 years 
of age,29 may be considered for preemptive HSCT. The optimal 
time for HSCT is when cytopenia shifts from moderate to severe, 

prior to transfusion dependency, probably before androgen 
therapy, and before clonal evolution.1,13

Over the past 20 years, the outcome of HSCT in patients 
with FA has improved dramatically because of reduction of 
the doses of alkylating agents and irradiation, the introduc
tion of fludarabine, and the use of recipient T-cell depletion 
(TCD) that improved engraftment and graft-vs-host disease 
(GVHD) rates.30 In the different donor settings, OS peaks 
from 84% to 95% and above, with variable rates of post-HSCT  
malignancies.

Tables 3 to 5 summarize the outcomes of the largest cohort of 
patients with FA who underwent transplantation from matched 
related donor (MRD), matched unrelated donor (MUD), and alter
native donor (AD).

Table 3. Outcome of the largest cohort of patients with FA who underwent transplantation from a matched related donor

Reference Patients (n)
Prevalently 
using condi
tioning

Follow-up aGVHD cGVHD TRM/NRM OS Malignancies, 
No. (%)

Pasquini  
et al45 (2008)

148 Cy  ±  ATG  ±  Bus
TAI, TLI, TBI + 
Cy  ±  ATG

5 years  
(censored)

19% (grades 
II-IV)

20% at  
5 years

17.5% (overall) 78% (IRR)
81% (no IRR)

4/148 (2.7%)

Peffault de 
Latour et al26 
(2013)

211 (post 
1999)

Flu + ATG  ±  IRR 6 years 36% (grades 
III-IV)

20% at  
5 years

14% 76% at 5 years 15-year CI  
15% overall

Benajiba  
et al46 (2015)

20 Flu + Cy 2 years 15% (grades 
III-IV)

10% extensive
15% limited

5% 95% at 2 
years

0

Bonfim et al47 
(2019)

91 Cy + ATG 3-7 years 11% (grades 
II-IIV)

23.5% 7% 95% at 5 
years

1/43 (2.3%)

Bernard et al48 
(2021)

42 Flu-Cy-
alemtuzumab

74.4 months 6.1% (grades 
II-IV) overall

2.4% overall 13.8% overall 85.4% at 5 
years

3/82 (3.6%) 
overall

Modified from Pierri et al.13

ATG, antithymocyte globulin; Bus, busulfan; Cy, cyclophosphamide; Flu, fludarabine; IRR, irradiation in conditioning regimen; NR, not reported; TAI, 
thoraco-abdominal irradiation; TBI, total body irradiation; TLI, total lymph node irradiation; TRM/NRM, transplant-related mortality/nonrelapse  
mortality.

Table 4. Outcome of the largest cohort of patients with FA who underwent transplantation from matched unrelated donors

Reference Patients (n) Conditioning  
regimens Follow-up aGVHD cGVHD TRM/NRM OS Secondary  

malignancies

Wagner et al49 
(2007)

98 No Flu
(Cy ±  Bus   ±  ATG + 
IRR)
Yes Flu
(Flu + 
Cy  ±  ATG  ±  IRR  ±  Bus)

3 years 16% Flu + TCD
70% No Flu
No TCD

31% 47% Flu
81% no Flu 
at 3 years

52% Flu
13% no Flu
at 3 years

NR

Peffault de Latour 
et al26 (2013)

176 post-1999 Flu ATG  ±  IRR 6 years 36% (grades 
III-IV)

16% at  
5 years

27% at 5 
years

64% at  
5 years

15 years CI 
15% overall

Bernard et al48 
(2021)

23 Flu-Cy-
alemtuzumab or 
ATG

74.4 months 6.1% overall 2.4%
overall

13.8% overall 95.7% at  
5 years

NR

Bonfim et al34 
(2022)

51 Flu-Cy-ATG 5 years 16% 27% NR 83% NR

Modified from Pierri et al.13

ATG, antithymocyte globulin; Bus, busulfan; Cy, cyclophosphamide; Flu, fludarabine; IRR, irradiation in conditioning regimen; NR, not reported;  
TAI, thoraco-abdominal irradiation; TBI, total body irradiation; TLI, total lymph node irradiation; TRM/NRM, transplant-related mortality/nonrelapse  
mortality.
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CLINICAL CASE (Continued)
Due to time constraints in relation to severe cytopenia and 
cytogenetic abnormalities, the patient underwent HSCT from 
his haploidentical mother with the TCD platform in use in our 
center (α/β/CD19 depletion) at the age of 6 years.

Conditioning regimen included fludarabine 120 mg/m2, 
cyclophosphamide 1200 mg/m2, 200 cGy single-dose total body 
irradiation pretransplant antithymocyte globulin (ATG) (Grafalon; 
Neovii Biotech) 4 mg/kg/d for 3 days, and rituximab (200 mg/m2) 
on day −1.

The patient received >8 × 106/kg CD34 cells/kg, <1 × 105/kg  
T cell receptor (TCR) αβ, and <2 × 105/kg CD19 cells according to 
the protocol in use at our center.31 No posttransplantation phar
macologic immunosuppression was administered.

The posttransplant course was uncomplicated without 
acute GHVD (aGVHD) and chronic GVHD (cGVHD). Presently, 
at the age of 11 years, at 5 years post-HSCT, the boy is well 
(Karnofsky score of 100%) and under a surveillance plan, with
out complications related to HSCT or the underlying disease.

Haploidentical HSCT in FA
In patients lacking a standard donor, haploidentical HSCT is a 
promising strategy. This procedure offers virtually all patients the 
chance of an HSCT with a fast accessibility. The use of mega
doses of HSCs and the depletion from the graft of alloreactive 
donor T lymphocytes13,32 significantly reduced the incidence of 
graft rejection and of GVHD initially observed. Table 6 summa

Table 5. Outcome of the largest cohort of patients with FA who underwent transplantation from alternative donors

Reference Patients 
(n) Donor type

Prevalently 
using  
conditioning

Follow-up aGVHD cGVHD TRM/NRM OS Malignancies, 
No. (%)

MacMillan  
et al50 (2015)

130 73 MUD (TCD)
39

1-2 MM (no TCD) 
CB 18

1Ag MM
Unrelated (TCD)

Flu + Cy +  
ATG + TBI (in 
the most 
recent 
patients) 
with thymic 
shielding

7.7 years 20% (grades 
II-IV)

10% NR 58% at  
5 years

11/130 (8.4%)

Mehta et al51 
(2017)

45 25 MUD
14 MMUD
6 MMRD
All TCD

Bu-Flu-Cy-
ATG

41 months 6.7% (0 
grades III-IV)

3/45 (6.7%) 
limited, 0 
extensive

NR 80% at  
3 years

1/45 (2.2%)

Ebens et al52 
(2018)

57 All TCD
32 (m)MUD BM
20 (m)MUD UCB
2 MMRD
1 8/8 HLA paren
tal BM

1 MMSD UCB +  
BM boost

Flu-Cy-TBI-
ATG

6.2 years 12% grades 
II-IV

4/57 (7%) NR 86% at  
5 years

NR

Zubicaray  
et al35 (2021)

123 MMUD (all TCD) Flu-Cy-TBI-
ATG

44.8 
months

41% grades 
II-IV

5% limited
10%
extensive

NR 62% at  
2 years

NR

Modified from Pierri et al.13

ATG, antithymocyte globulin; BM, bone marrow; Bus, busulfan; CB, cord blood; Cy, cyclophosphamide; Flu, fludarabine; HLA, human leukocyte 
antigen; IRR, irradiation in conditioning regimen; MM, mismatched; MMRD, mismatched related donor; MMUD, mismatched unrelated donor; MUD, 
matched unrelated donor; NR, not reported; TBI, total body irradiation; TRM/NRM, transplant-related mortality/nonrelapse mortality; UCB, unrelated 
cord blood.

rizes the outcomes of the largest cohorts of patients with FA who 
underwent transplantation from haploidentical donors.

Currently, 2 platforms for TCD are used. In one, the TCR αβ+ 
cells are depleted via graft manipulation, whereas in the other, 
specific T-cell subpopulations (e.g., TCR γδ+) that have graft 
protective and graft-vs-leukemia (GVL) effects are retained.32 A 
cohort of 24 patients with FA who underwent transplantation 
with this platform showed a 2-year event-free survival (EFS) of 
86.3% and grade I to II aGVHD and cGVHD of 17.4% and 5.5%, 
respectively.33 However, since this TCD system is expensive, 
technically demanding, and inaccessible in many countries, 
other groups prefer to use strategies based on posttransplant 
cyclophosphamide (PTCY) at a reduced dose to limit the severity 
of mucositis. In a Brazilian study, a subgroup of patients in whom 
serotherapy (ATG or alemtuzumab) was added to this platform 
displayed an OS of 82% but acute grade II to IV and moderate 
to severe cGVHD rates of 28% and 26%, respectively.34 Delayed 
immune reconstitution and viral reactivation remain major con
cerns in this setting.

A recent comparative European Society for Blood and Marrow 
Transplantation study35 reported superior 2-year OS (80%) and 
EFS (86%) in patients receiving haploidentical HSCT with in vivo 
TCD compared with those who received haplo transplant with 
ex vivo TCD (2-year OS 60%, EFS 56%), who in turn had a far 
lower grade II aGVHD (17%) compared with those with in vivo 
TCD (40%).

With the aim to ensure engraftment and improve immune 
reconstitution in patients with FA who underwent transplan
tation from an haploidentical donor, an ongoing clinical trial 
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(NCT04784052) is evaluating a radiation-free, reduced-intensity 
preparative regimen containing JSP191 (ahumanized monoclonal 
antibody that targets CD117 and causes stem cell death). This is 
in combination with rabbit anti-thymocyte globuline, cyclophos
phamide, fludarabine, and rituximab, followed by an infusion of 
αβ+ TCD donor stem cells.

Nontransplant therapy
The synthetic androgens oxymetholone and danazol were 
shown to produce a transient hematologic response in two-
thirds of patients, rendering this treatment a reasonable option 
in patients who cannot access HSCT at a given time, providing 
them a bridge until the possibility of a transplant occurs.36

Metformin, a drug approved by the US Food and Drug Admin-
istration for treatment of diabetes mellitus, generated a hemato
logic response in 4 of 13 evaluable patients in a median time of 
84.5 days in a phase 1 clinical trial.37

The effect on hematopoiesis of quercetin, a flavonoid poly
phenol with antioxidant properties and cellular effects, includ
ing transforming growth factor β inhibition, is under evaluation 
in an ongoing phase 1 trial by a Cincinnati group (clinicaltrials​.gov 
NCT01720147) in patients with FA. A preliminary report of this trial 
described 12 individuals treated with oral quercetin for 16 weeks, 
with excellent tolerance and compliance and a definite trend 
toward peripheral blood reactive oxygen species reduction.38 An 
ongoing phase 2 trial (NCT03476330) is evaluating the efficacy of a 
maximum daily dose of quercetin (4000 mg/d) in reducing buccal 
micronuclei, a surrogate marker of DNA damage with suscepti
bility to squamous cell carcinoma in patients with FA post-HSCT.

The thrombopoietin mimetic small molecule eltrombopag 
recently proved to be effective in restoring trilineage hema
topoiesis in acquired severe aplastic anemia.39,40 Eltrombopag 
improves marrow function in severe aplastic anemia through a 
different mechanism. In addition to fundamental stimulation of 
HSCs, eltrombopag has important immunomodulatory proper
ties (decreases interferon γ, tumor necrosis factor α, and trans-
forming growth factor β effects), and it promotes tolerance (by 
increasing regulatory B and T cells) with a parallel impairment 
of dendritic cell maturation and macrophage activity. Further-
more, eltrombopag favors cellular iron mobilization, decreasing 
iron overload with a potential benefit on hematopoiesis.39 Due 
to its ability to improve repair of double-strand DNA breaks,41 it 

is now under evaluation in a prospective phase 1/2 clinical trial 
(NCT03204188) in patients with FA. Preliminary results show that 
the 4 evaluable patients who have reached the 6-month assess
ment end point displayed marrow response, and 2 of them 
displayed mono- and bilineage peripheral blood responses42 
without serious adverse events.

Gene therapy in FA
At present, gene therapy (GT) in FA is available only for the FA-A 
genotype. Collection and correction of a sufficient number of 
HSPCs from patients with FA are the major obstacles to the effi
cacy of GT in this disease.43

In a recent update of the largest phase 1/2 Spanish long-term 
follow-up lentivirus clinical trial,44 the 4 of 8 evaluable patients 
who were infused with low numbers of corrected cells or in 
advanced BMF showed BMF progression requiring alternative 
treatment. However, 2 patients receiving higher doses of cor-
rected CD34+ cells improved the peripheral blood cell counts. 
No genotoxic effect has appeared so far after GT.

Currently, GT in FA is an experimental treatment that offers the 
best results if performed in the early stage of BMF and when sig
nificant numbers of corrected CD34+ cells are infused. Trials using 
gene editing techniques are likely to be performed in the future.

Conclusion and future directions
FA is a very heterogeneous disorder with the main morbidities of 
BMF and increased cancer risk. No definitive treatment is available 
so far. HSCT is the only option currently capable of curing BMF, 
although it increases the risk of late malignancies already inherent 
in the disease. HSCT outcomes have remarkably improved over 
the past 20 years, thanks to the strategies aimed at reducing com
plications, mainly GVHD, a major determinant of posttransplant 
tumors. In this respect, the advent of haploidentical HSCT, with in 
vivo and ex vivo strategies for TCD, offers a higher accessibility to 
this treatment and encouraging outcomes.

HSCT provides the best results when performed in optimal 
conditions and intercepted by a tailored lifetime monitoring 
plan starting at diagnosis and performed in centers specializing 
in BMF disorders.

A monitoring plan should also be applied to prevent the evolu
tion of solid tumors, mainly epithelial cancers of the head and neck 
and genital areas, that currently have no satisfactory treatment.

Table 6. Outcome of the largest cohort of patients with FA who underwent transplantation from haploidentical donors

Reference Patients 
(n)

Prevalently using 
conditioning  
regimen

Follow-up aGVHD cGVHD TRM/NRM OS Malignancies, 
%

Bonfim et al53 
(2017)

26 Flu-mini TBI  ±  ATG +  
PTCY

30 months 75% no ATG
14.2% ATG

83% no ATG
14.2% ATG

41.6% no ATG
21.4% ATG

72.6% at 1 
year

NR

Ayas et al54 (2019) 19 Flu-mini TBI-ATG +  
PTCY

38.3 + 5.8 
months

Grades III-IV 
15.7%

Extensive in 1 
patient (5.3%)

5.2% 89.2% + 7.2% 
at 5 years

None

Bonfim et al34 
(2022)

49 Flu-mini TBI-ATG or 
alemtuzumab

3.8 years Grades II-IV 
28%

26% 8/49 (16.3%) 82% at 2 
years

4%

Strocchio et al33 
(2021)

24 Flu-CY-mini TBI
Alfa/beta/CD19 
depletion

5.2 years Grades I-II 
17.4%

5.5% 0 100% at 5 
years

4.1%

ATG, antithymocyte globulin; Cy, cyclophosphamide; Flu, fludarabine; NR, not reported; PTCY, posttransplantation cyclophosphamide; TBI, total 
body irradiation; TRM/NRM, transplant-related mortality/nonrelapse mortality.

http://clinicaltrials.gov
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Progress in the understanding of the biology of the disease 
will help to develop new therapeutic strategies aimed to coun
teract the numerous dysregulated functions of FA cells.

Conflicts-of-interest disclosures
Carlo Dufour: Advisory Board for Novartis.
Filomena Pierri: no competing financial interests to declare.

Off-label drug use
Carlo Dufour: nothing to disclose.
Filomena Pierri: nothing to disclose.

Correspondence
Carlo Dufour, Department of Hemato-Oncology, IRCCS G.  
Gaslini Institute, Largo Gerolamo Gaslini 5, Genova, GE, Italy;  
e-mail: carlodufour@gaslini​.org.

References
1.	 Dufour C. How I manage patients with Fanconi anaemia. Br J Haematol. 

2017;178(1):32-47.
2.	 Svahn J, Bagnasco F, Cappelli E, et al. Somatic, hematologic phenotype, 

long-term outcome, and effect of hematopoietic stem-cell transplantation. 
An analysis of 97 Fanconi anemia patients from the Italian national database 
on behalf of the Marrow Failure Study Group of the AIEOP (Italian Associa-
tion of Pediatric Hematology-Oncology). Am J Hematol. 2016;91(7):666-671.

3.	 Wegman-Ostrosky T, Savage SA. The genomics of inherited bone marrow 
failure: from mechanism to the clinic. Br J Haematol. 2017;177(4):526-542.

4.	 Ceccaldi R, Sarangi P, D’Andrea AD. The Fanconi anaemia pathway: new 
players and new functions. Nat Rev Mol Cell Biol. 2016;17(6):337-349.

5.	 Garaycoechea JI, Crossan GP, Langevin F, Daly M, Arends MJ, Patel KJ. 
Genotoxic consequences of endogenous aldehydes on mouse haemato-
poietic stem cell function. Nature. 2012;489(7417):571-575.

6.	 Dufour C, Corcione A, Svahn J, et al. TNF-alpha and IFN-gamma are over-
expressed in the bone marrow of Fanconi anemia patients and TNF-alpha 
suppresses erythropoiesis in vitro. Blood. 2003;102(6):2053-2059.

7.	 Zhang H, Kozono DE, O’Connor KW, et al. TGF-β inhibition rescues hema
topoietic stem cell defects and bone marrow failure in fanconi anemia. Cell 
Stem Cell. 2016;18(5):668-681.

8.	 Jaber S, Toufektchan E, Lejour V, Bardot B, Toledo F. p53 downregulates the 
Fanconi anaemia DNA repair pathway. Nat Commun. 2016;7:11091.

9.	 Cappelli E, Cuccarolo P, Stroppiana G, et al. Defects in mitochondrial ener
getic function compels Fanconi anaemia cells to glycolytic metabolism. 
Biochim Biophys Acta Mol Basis Dis. 2017;1863(6):1214-1221.

10.	 Kumari U, Ya Jun W, Huat Bay B, Lyakhovich A. Evidence of mitochondrial 
dysfunction and impaired ROS detoxifying machinery in Fanconi anemia 
cells. Oncogene. 2014;33(2):165-172.

11.	 Nicchia E, Greco C, De Rocco D, et al. Identification of point mutations 
and large intragenic deletions in Fanconi anemia using next-generation 
sequencing technology. Mol Genet Genomic Med. 2015;3(6):500-512.

12.	 Bogliolo M, Pujol R, Aza-Carmona M, et al. Optimised molecular genetic 
diagnostics of Fanconi anaemia by whole exome sequencing and func
tional studies. J Med Genet. 2020;57(4):258-268.

13.	 Pierri F, Faraci M, Giardino S, Dufour C. Hematopoietic stem cell transplan
tation for classical inherited bone marrow failure syndromes: an update. 
Expert Rev Hematol. 2021;14(10):911-925.

14.	 Velleuer E, Dietrich R, Pomjanski N, et  al. Diagnostic accuracy of brush 
biopsy-based cytology for the early detection of oral cancer and precur
sors in Fanconi anemia. Cancer Cytopathol. 2020;128(6):403-413.

15.	 Walsh MF, Chang VY, Kohlmann WK, et al. Recommendations for childhood 
cancer screening and surveillance in DNA repair disorders. Clin Cancer 
Res. 2017;23(11):e23-e31.

16.	 Fanconi Anemia Research Fund. Fanconi Anemia Clinical Care Guidelines. 
5th ed. Fanconi Anemia Research Fund; 2020; Eugene, OR.

17.	 Alter BP, Giri N, Savage SA, Rosenberg PS. Cancer in the National Cancer 
Institute inherited bone marrow failure syndrome cohort after fifteen years 
of follow-up. Haematologica. 2018;103(1):30-39.

18.	 Choijilsuren HB, Park Y, Jung M. Mechanisms of somatic transformation in 
inherited bone marrow failure syndromes. Hematology Am Soc Hematol 
Educ Program. 2021;2021(1):390-398.

19.	 Ayas M, Saber W, Davies SM, et al. Allogeneic hematopoietic cell transplan
tation for Fanconi anemia in patients with pretransplantation cytogenetic 
abnormalities, myelodysplastic syndrome, or acute leukemia. J Clin Oncol. 
2013;31(13):1669-1676.

20.	Peffault de Latour R, Soulier J. How I treat MDS and AML in Fanconi anemia. 
Blood. 2016;127(24):2971-2979.

21.	 Tönnies H, Huber S, Kuhl J-S, Gerlach A, Ebell W, Neitzel H. Clonal chromo
somal aberrations in bone marrow cells of Fanconi anemia patients: gains 
of the chromosomal segment 3q26q29 as an adverse risk factor. Blood. 
2003;101(10):3872-3874.

22.	Meyer S, Bristow C, Wappett M, et al. Fanconi anemia (FA)-associated 3q 
gains in leukemic transformation consistently target EVI1, but do not affect 
low TERC expression in FA. Blood. 2011;117(22):6047-6050.

23.	Quentin S, Cuccuini W, Ceccaldi R, et al. Myelodysplasia and leukemia of 
Fanconi anemia are associated with a specific pattern of genomic abnor
malities that includes cryptic RUNX1/AML1 lesions. Blood. 2011;117(15): 
e161-e170.

24.	Giardino S, de Latour RP, Aljurf M, et al; Severe Aplastic Anemia and Chronic 
Malignancies Working Parties of European Blood and Marrow Transplanta-
tion Group. Outcome of patients with Fanconi anemia developing myel-
odysplasia and acute leukemia who received allogeneic hematopoietic 
stem cell transplantation: a retrospective analysis on behalf of EBMT group. 
Am J Hematol. 2020;95(7):809-816.

25.	Debureaux PE, Sicre de Fontbrune F, Bonfim C, et  al. FLAG-sequential 
regimen followed by bone marrow transplantation for myelodysplastic 
syndrome or acute leukemia in patients with Fanconi anemia: a Franco- 
Brazilian study. Bone Marrow Transplant. 2021;56(1):285-288.

26.	Peffault de Latour R, Porcher R, Dalle J-H, et al; FA Committee of the Severe 
Aplastic Anemia Working Party; Pediatric Working Party of the European 
Group for Blood and Marrow Transplantation. Allogeneic hematopoietic 
stem cell transplantation in Fanconi anemia: the European Group for Blood 
and Marrow Transplantation experience. Blood. 2013;122(26):4279-4286.

27.	 Rosenberg PS, Socié G, Alter BP, Gluckman E. Risk of head and neck squa
mous cell cancer and death in patients with Fanconi anemia who did and 
did not receive transplants. Blood. 2005;105(1):67-73.

28.	Diaz De Heredia C, Bierings M, Dalle JH, et al. Fanconi’s anemia and other 
hereditary bone marrow failure syndromes. In: Carreras E, Dufour C, Mohty M,  
et al, eds. The EBMT Handbook: Hematopoietic Stem Cell Transplantation 
and Cellular Therapies. 7th ed. Cham, Switzerland: Springer; 2019:587.

29.	Alter BP. Fanconi anemia and the development of leukemia. Best Pract Res 
Clin Haematol. 2014;27(3-4):214-221.

30.	Ebens CL, MacMillan ML, Wagner JE. Hematopoietic cell transplantation 
in Fanconi anemia: current evidence, challenges and recommendations. 
Expert Rev Hematol. 2017;10(1):81-97.

31.	 Giardino S, Bagnasco F, Falco M, et al. Haploidentical stem cell transplan
tation after TCR-αβ+ and CD19+ cells depletion in children with congenital 
non-malignant disease. Transplant Cell Ther. 2022;28(7):394.e1-394394.e9.

32.	Reisner Y, Hagin D, Martelli MF. Haploidentical hematopoietic transplanta
tion: current status and future perspectives. Blood. 2011;118(23):6006-6017.

33.	Strocchio L, Pagliara D, Algeri M, et  al. HLA-haploidentical TCRαβ+/ 
CD19+-depleted stem cell transplantation in children and young adults 
with Fanconi anemia. Blood Adv. 2021;5(5):1333-1339.

34.	Bonfim C, Nichele S, Loth G, et al. Transplantation for Fanconi anaemia: 
lessons learned from Brazil. Lancet Haematol. 2022;9(3):e228-e236.

35.	Zubicaray J, Pagliara D, Sevilla J, et al. Haplo-identical or mismatched unre
lated donor hematopoietic cell transplantation for Fanconi anemia: results 
from the Severe Aplastic Anemia Working Party of the EBMT. Am J Hematol. 
2021;96(5):571-579.

36.	Calado RT, Clé DV. Treatment of inherited bone marrow failure syndromes 
beyond transplantation. Hematology Am Soc Hematol Educ Program. 
2017;2017(1):96-101.

37.	 Pollard JA, Furutani E, Liu S, et  al. Metformin for treatment of cytope-
nias in children and young adults with Fanconi anemia. Blood Adv. 
2022;6(12):3803-3811.

38.	Mehta PA, Fukuda T, Zhao J, et  al. Quercetin: a novel targeted chemo-
prevention for patients with Fanconi anemia (FA). Blood. 2017;130(suppl 
1):1178.

39.	 Scheinberg P. Activity of eltrombopag in severe aplastic anemia. Hematol-
ogy Am Soc Hematol Educ Program. 2018;2018(1):450-456.

40.	Peffault de Latour R, Kulasekararaj A, Iacobelli S, et al; Severe Aplastic Ane-
mia Working Party of the European Society for Blood and Marrow Trans-
plantation. Eltrombopag added to immunosuppression in severe aplastic 
anemia. N Engl J Med. 2022;386(1):11-23.

mailto:carlodufour@gaslini.org


Modern mangement of Fanconi anemia  |  657

41.	 Guenther KL, Cheruku PS, Cash A, et  al. Eltrombopag promotes DNA 
repair in human hematopoietic stem and progenitor cells. Exp Hematol. 
2019;73:1-6.e66e6.

42.	Barranta ME, Chinian F, Roskom K, et al. Prospective phase I/II study of 
eltrombopag for the treatment of bone marrow failure in Fanconi anemia. 
Poster session presented at: 508. Bone Marrow Failure: Poster II, 63th ASH 
Annual Meeting and Exposition; 2021 December 11-14; Atlanta, GA.

43.	Sevilla J, Navarro S, Rio P, et al. Improved collection of hematopoietic stem 
cells and progenitors from Fanconi anemia patients for gene therapy pur
poses. Mol Ther Methods Clin Dev. 2021;22:66-75.

44.	Río P, Sevilla J, Navarro S, et al. Long-term phenotypic correction of Fanconi 
anemia-A patients treated by gene therapy in early stages of the bone 
marrow failure. Poster session presented at: 788. Gene and Cell Therapy 
Trials in Progress, 2022 ASGCT Annual Meeting Abstracts; 2022 May 16-19; 
Washington, DC.

45.	Pasquini R, Carreras J, Pasquini MC, et al. HLA-matched sibling hematopoi-
etic stem cell transplantation for Fanconi anemia: comparison of irradiation 
and nonirradiation containing conditioning regimens. Biol Blood Marrow 
Transplant. 2008;14(10):1141–1147.

46.	Benajiba L, Salvado C, Dalle JH, et al. HLA-matched related-donor HSCT in 
Fanconi anemia patients conditioned with cyclophosphamide and fludara-
bine. Blood. 2015;125(2):417–418.

47.	 Bonfim C. Excellent outcome for 91 Fanconi anemia patients undergoing 
matched related transplantation using cyclophosphamide 60mg/kg in 
Curitiba, Brazil. Poster session presented at: The 44th Annual Meeting of 
the European Society for Blood and Marrow Transplantation: Physicians 
Poster Sessions. 2018 March 18-21; Lisbon.

48.	Bernard F, Uppungunduri CRS, Meyer S, et al. Excellent overall and chronic 
graft-versus-host-disease-free event-free survival in Fanconi anaemia 

patients undergoing matched related- and unrelated-donor bone mar-
row transplantation using alemtuzumab-Flu-Cy: the UK experience. Br J  
Haematol. 2021;193:804–813.

49.	Wagner JE, Eapen M, MacMillan ML, et al. Unrelated donor bone mar-
row transplantation for the treatment of Fanconi anemia. Blood. 2007; 
109(5):2256–2262.

50.	MacMillan ML, DeFor TE, Young JA, et al. Alternative donor hematopoietic 
cell transplantation for Fanconi anemia. Blood. 2015;125:3798–3804.

51.	 Mehta PA, Davies SM, Leemhuis T, et al. Radiation-free, alternative-donor HCT 
for Fanconi anemia patients: results from a prospective multi-institutional  
study. Blood. 2017;129(16):2308–2315.

52.	Ebens CL, DeFor TE, Tryon R, Wagner JE, MacMillan ML. Comparable 
outcomes after HLA-matched sibling and alternative donor hema-
topoietic cell transplantation for children with Fanconi anemia and 
severe aplastic anemia. Biol Blood Marrow Transplant. 2018;24(4):765-
771.

53.	Bonfim C, Ribeiro L, Nichele S, et al. Haploidentical bone marrow 
transplantation with post-transplant cyclophosphamide for children 
and adolescents with Fanconi anemia. Biol Blood Marrow Transplant. 
2017;23:310–317. 

54.	Ayas M, Siddiqui K, Al-Jefri A, et al. Successful outcome in patients with 
Fanconi anemia undergoing T cell-replete mismatched related donor 
hematopoietic cell transplantation using reduced-dose cyclophospha-
mide post-transplantation. Biol Blood Marrow Transplant. 2019;25:2217–
2221.

© 2022 by The American Society of Hematology
DOI 10.1182/hematology.2022000393


