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Abstract
Fanconi anemia is a rare bone marrow failure and cancer predisposition syndrome. Childhood onset
of aplastic anemia is one of the hallmarks of this condition. Supportive therapy in the form of blood
products, androgens, and hematopoietic growth factors may boost blood counts temporarily.
However, allogeneic hematopoietic stem cell transplantation (HSCT) currently remains the only
curative treatment option for the hematologic manifestations of Fanconi anemia (FA). Here we
review current clinical and pre-clinical strategies for treating hematopoietic stem cell (HSC) failure,
including the experience with mobilizing and collecting CD34+ hematopoietic stem and progenitor
cells as target cells for somatic gene therapy, the current state of FA gene therapy trials, and future
prospects for cell and gene therapy.
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1. Introduction
Fanconi anemia (FA) is an inherited cancer predisposition and bone marrow failure syndrome,
affecting about 1 in 100,000 births. The clinical presentation of FA is highly heterogeneous.
Approximately two thirds of patients present with physical anomalies, which may vary greatly
in number and severity. Most commonly skin hypo-or hyper-pigmentation, short stature,
microphthalmia, radial ray or thumb abnormalities are observed. Other organ systems involved
include the cardiac, renal, and auditory systems[1] (in press, Mutation Research, 2009). Bone
marrow failure occurs nearly universally with a median age of onset of eight years and remains
the primary cause of morbidity and mortality in FA. By age 40, 90% of FA patients will have
developed bone marrow failure [2]. In addition, the risk of myelodysplasia or acute myeloid
leukemia (AML) is markedly increased, with an AML incidence of 33% by age 40[2,3]. FA
patients are also at increased risk of other cancers, particularly squamous cell carcinomas of
the anogenital region and head and neck region[2,3]. In contrast to idiopathic aplastic anemia,
bone marrow failure in FA poses unique challenges. While the majority of pediatric patients
with idiopathic aplastic anemia may be cured with medical management consisting of immune

*Correspondence should be addressed to: David A. Williams, MD, Children’s Hospital Boston, 300 Longwood Avenue, Karp 08125.4,
Boston, MA 02115, E-mail: DAWilliams@childrens.harvard.edu, Telephone: 617.919.2027, Fax: 617.730.0934.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Mutat Res. Author manuscript; available in PMC 2010 July 31.

Published in final edited form as:
Mutat Res. 2009 July 31; 668(1-2): 141. doi:10.1016/j.mrfmmm.2009.03.010.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



suppression [4], bone marrow failure in FA patients can sometimes be delayed but never be
halted or reversed by medical treatment.

In recent years, major advances have been achieved with regard to elucidating the genetic basis
of FA. Thirteen genes (FANCA, FANCB, FANCC, FANCD1/BRCA2, FANCD2, FANCE,
FANCF, FANCG, FANCI, FANCJ/BACH1/BRIP1, FANCL, FANCM, and FANCN/PALB2)
have been identified and cloned. Resultant products interact with the FA/BRCA biochemical
pathway and studies on the function of FA proteins indicate that they participate in the
recognition of and protection against genotoxic stress via the formation of multi-protein
complexes [5–7] reviewed in [8]). FA mutation are sometimes also organized into
complementation groups, in reference to the initial classification based on cell-fusion
techniques [9]. Mutations in FANCA, FANCC, and FANCG are the most common in humans,
accounting for >80% of FA patient mutations[2]. Mutations in different FA genes result in
similar clinical manifestations, even though there is some suggestion that patients with the FA-
D2 complementation type (3–6% of all cases) are more severely affected in terms of
malformations and onset of hematopoietic failure [10].

The clinical challenges posed by hematopoietic stem cell failure have informed basic and
translational research efforts. In this review, we provide an overview of hematopoietic stem
cell failure in FA with a focus on current results and future directions of cell and gene therapy.

2. The effect of pro-apoptotic cytokines on Fanconi anemia HSC
While the etiology of marrow failure in FA remains unclear, some evidence points towards an
intrinsic hypersensitivity of FA bone marrow cells to pro-apoptotic cytokines such as tumor
necrosis factor-α (TNF-α) and interferon-γ (INF-γ). Both cytokines are known late effectors
of damage to the hematopoietic stem cell compartment in idiopathic aplastic anemia, a
condition that bears some similarity to bone marrow failure in FA[11,12]. Several investigators
have noted increased serum levels of both these cytokines in FA patients[13,14]. In one series,
TNF-α was detected in the plasma of 16 of 18 FA patients with concentrations ranging from
6 to 131 pg/ml (mean 31 pg/ml). TNF-α was detected in only one of 25 control (healthy donor)
plasma samples, and at low levels (7 pg/ml)[13]. Increased production of TNF-α and increased
intra-cellular levels of TNF-α and INF-γ have also been noted in lymphocytes and bone marrow
mononuclear cells of FA patients[14,15]. Importantly, the addition of the anti-TNF-α fusion
decoy protein etanercept to human bone marrow cultures was associated with a significantly
increased number and size of erythroid colonies grown in vitro in FA but not in normal control
samples, indicating that TNF-α inhibits FA erythropoiesis in vitro [15]. Sensitivity of FA cells
to pro-apoptotic cytokines has also been demonstrated in Fanca−/− and Fancc−/− gene-
targeted mouse models. In Fancc−/− mice, TNF-α and INF-γ induce apoptosis in hematopoietic
progenitor cells, even at low cytokine levels[16–18]. In addition, continuous infusion of INF-
γ for seven days in Fancc−/− mice by micro-osmotic pumps at doses of 0, 120 and 400 μg/kg/
day has led to a significant reduction of the peripheral blood white blood cell count and bone
marrow cellularity. TUNEL assays conducted on BM sections showed increased apoptosis in
the treated Fancc−/− but not in the wild type (wt) bone marrow. Moreover, Fancc−/− but not
wt mice treated in this fashion engrafted congeneic CD45.1+ bone marrow cells robustly
without additional conditioning [19].

Recently, Li et al. described the emergence of myeloid leukemic clones following the
prolonged exposure of Fancc−/− bone marrow hematopoietic stem and progenitor cells (HSC/
P) to TNF-α [20]. As expected, compared to wt bone marrow cells, Fancc−/− cells were
initially hypersensitive to TNF-α exposure in vitro. However, after three-week exposure to
TNF-α in vitro, a rapidly expanding population of Fancc−/− cells emerged. This cell population
could be maintained in culture with IL-3 stimulation for another 3 weeks and gave rise to large
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colonies in semi-solid media that could be re-plated up to four times, a result consistent with
transformation of the colony forming cells. When transplanted into lethally irradiated congenic
mice, 12/12 mice receiving TNF-α exposed Fancc−/− bone marrow cells developed myeloid
leukemia. No leukemia was observed in the case of TNF-α treated wt cells[20]. Although the
relevance of these observations to the human system is unknown, taken together, these data
suggest that pro-apoptotic cytokines are potential contributing factors to HSC failure and
leukemogenesis in FA.

3. Clinical challenges of hematopoietic stem cell failure in Fanconi anemia
The onset of marrow failure can be insidious and is initially suspected based on peripheral
blood cytopenia and red blood cell macrocytosis. These cytopenias worsen over time and
according to current consensus opinion, treatment of marrow failure is generally indicated for
hemoglobin less than 8mg/dl, platelets less than 50,000/mm3, or absolute neutrophil counts
below 500/mm3 [21]. Supportive care is provided with judicious use of red cell and platelet
transfusions. Avoidance of blood transfusions is critical whenever possible, since even
relatively modest blood component exposure has been shown to have a negative impact on the
outcomes of allogeneic bone marrow transplantation[22]. Hematopoietic growth factors such
as granulocyte-colony forming factor (G-CSF) and granulocyte macrophage-colony
stimulating factor (GM-CSF) or androgens may also be used. Oxymethalone is the most widely
used androgen in FA patients, although oxandrolone is currently under investigation in a phase
I clinical trial. The predominant effect of androgens is an increase of hemoglobin, though
increases in platelets and, to a lesser degree, neutrophils have also been observed[23,24]. There
is no evidence that androgens cure bone marrow failure, so treatment is instituted once anemia
reaches a critical threshold but prior to the complete depletion of the bone marrow of
hematopoietic stem cells, which may be stimulated by androgens.

The use of GM-CSF and G-CSF has been studied in single-arm prospective clinical trials with
small numbers of FA patients[25,26]. The short term use of GM-CSF resulted in satisfactory
increase of peripheral blood neutrophil counts in seven patients treated for 12 weeks[25].
Similarly, G-CSF has been shown to be effective in a series of ten patients. All ten patients
showed an increase of their absolute neutrophil count (ANC) after eight weeks of treatment.
Interestingly, four patients were also found to have an increase in their platelet count or
hemoglobin level, indicating a potential multilineage effect of G-CSF. This effect was
primarily observed in patients with the least severe bone marrow failure and was generally
transient[26]. There have been no randomized studies comparing GM-CSF versus G-CSF in
FA patients. In any case, over time, current supportive measures fail, necessitating allogeneic
hematopoietic stem cell transplantation (HSCT) as definitive therapy.

The early experience with bone marrow transplantation in FA was less than optimal due to
excessive toxicity when similar preparative conditioning regimens as those used in acquired
aplastic anemia were applied to FA patients. These failures led to in vitro laboratory studies
that confirmed the sensitivity of FA cells to cyclophosphamide and irradiation and
subsequently to the development of low dose cyclophosphamide/thoracoabdominal irradiation
conditioning protocol[27,28]. Currently, the 5-year survival rate after matched sibling
transplant is approximately 85%[29,30]. However, taking into account the incidence of FA in
siblings, <30% of FA patients have an HLA-identical sibling donor available. Results of
unrelated donor transplantation, while traditionally less satisfactory than sibling donor
transplants, have improved with the introduction of the anti-metabolite fludarabine to the
preparative chemotherapy regimen[31,32] A retrospective review of 98 patients found
significantly improved survival of patients who received fludarabine-containing regimens,
achieving 52% overall survival at 3 years[22]. Fludarabine is a non-genotoxic anti-metabolite
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and its profound immunosuppressive properties provide a significant reduction of the incidence
of graft failure without increasing regimen-related end organ toxicity[22].

However, despite these advances, there continues to be the need for novel therapeutic
approaches. Autologous hematopoietic stem cells, genetically corrected via the introduction
of the appropriate wt FA gene, offer the potential of hematopoietic reconstitution in the absence
of immune barriers. The success of gene therapy approaches to FA in a clinical setting has
been limited by a combination of factors, including the paucity of autologous CD34+ cells
available as targets for gene correction, reservations about the use of cytoreductive therapy to
“make space” for the autologous graft, and potentially defective engraftment of FA HSC
following prolonged in vitro processing[33–35].

4. The coming of age of gene therapy: From the bench to the bed-side and
back

When the notion of using viral gene transfer vectors as delivery vehicles for “therapeutic”
genes of interest was first conceived over two decades ago, it was met with a high level of
enthusiasm and the expectation that this technology could be harnessed to cure many
monogenic diseases in the future. As with most novel therapeutic modalities, gene therapy has
produced mixed results of success and failure as promising pre-clinical approaches were
translated into early phase I clinical trials. The general principal of gene therapy targeting the
hematopoietic system involves the isolation of CD34+ HSC/P from the patient, followed by
ex vivo gene transfer and re-infusion of the cells into the patient. Re-infusion has been described
with[36,37]and without[38,39]the prior administration of myelosuppressive chemotherapy,
aimed at “making space” in the bone marrow to facilitate the engraftment of the gene-modified
cells.

Most published gene therapy trials to date have utilized vectors derived from the moloney
murine leukemia virus (MLV), a gammaretrovirus with strong enhancer-promoters in the long
terminal repeats (LTRs), driving the expression of the therapeutic gene of interest[36–40]. The
first success in clinical gene therapy was reported in 2000 by a French group, detailing the
reconstitution of near normal immunity in two patients with X-linked SCID (SCID-X1), a
severe immunodeficiency caused by a defective gene encoding the common cytokine-receptor
γ chain[38]. This was followed by other reports from Italy and the United Kingdom, detailing
successful gene therapy trials involving patients affected by SCID due to adenosine
desaminase-deficiency (ADA) and SCID-X1[37,39]. However, following an initial period of
successful reconstitution of immune function in the vast majority of the now >30 patients
treated on these clinical trials, unexpected severe adverse events have occurred in 5 patients
with SCID-X1. Initially, two patients developed a T-cell acute lymphoblastic leukemia (T-
ALL)-like lymphoproliferative disease nearly three years following cell infusion[41]. Two
additional patients in the French trial and one patient in the British SCID-X1 trial have
subsequently been reported as having experienced similar adverse events[42,43]. These severe
adverse events are now understood to result from “side effects” of viral integration into the
genome. The LTR harbors strong promoter/enhancer activity and shows a propensity to the
up-regulate genes neighboring the integration site[44–46]. Retroviral vectors may thus “turn-
on” cellular proto-oncogenes adjacent to their integration site in the genome. Multiple studies
now indicate that gammaretroviral vectors such as the vectors used in the two SCID-X1 trials
preferentially integrate into the 5′ end of genes, near the transcription start sites[47].
Gammaretroviral vectors have also been shown to integrate in or near a number of proto-
oncogenes that are actively expressed in human CD34+ cells. For example, when human CD34
+ cells were transduced with retroviral vectors in vitro, 21% of retroviral integrations occurred
at recurrent insertion sites (“hot spots”), which were highly enriched for proto-oncogenes and
growth-controlling genes[48]. In this regard, retroviral integration in the proximity of proto-
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oncogenes, particularly the LIM domain only 2 (LMO2) promoter, has been shown to be
involved in leukemogenesis in 3 of the French patients and one British patient[41,43,49]. The
occurrence of insertional mutagenesis in these clinical trials has led to a concerted effort to
develop a newer generation of gene transfer vectors with enhanced safety features. Emerging
evidence indicates that advanced retroviral gene transfer vector design may be able to reduce
the incidence of transforming genotoxic events. Specifically, removing the strong retroviral
enhancer/promoter sequences from the LTR and placing the promoter sequence into an internal
position (self inactivating (SIN) vector), has been shown to reduce the insertional
transformation of target cells in an in vitro immortalization assay. [45]. Additionally, for
applications that do not require very high levels of transgene expression, weaker (cellular)
internal enhancer/promoters may further reduce the incidence and severity of insertional side
effects[50]. Insulator elements, incorporated into the LTR, may also reduce the genotoxic
potential of retroviral vectors[51]. Finally, a retroviral vector system based on the human
immunodeficiency virus, the lentiviral vector system, is capable of delivering the therapeutic
pay load to non-dividing cells[52]. This offers the possibility of reduced cytokine stimulation
of HSC in vitro and shortened transduction protocols[33,53,54]. Lentiviral vectors have been
shown to integrate less frequently into promoter-proximal regions, providing a theoretic safety
advantage[55]. While these modifications hold the promise of reduced genotoxicity, their
efficacy and safety has yet to be established in clinical trials.

5. Rational for Fanconi anemia gene therapy
As a monogenic disorder with primary disease manifestation in hematopoietic system, Fanconi
anemia is viewed as a candidate disease for gene therapy. In contrast to allogeneic
hematopoietic stem cell transplantation (HSCT), the use of genetically corrected autologous
HSC/P would be predicted to result in fewer consequences of immunological barriers such as
delayed engraftment and graft versus host disease. Lessons from successful clinical gene
therapy trials for immunodeficiencies indicate that a selective advantage of corrected HSC or
the HSC progeny over uncorrected cells promotes the efficacy of gene therapy[37–39]. In FA,
the high incidence of somatic mosaics in up to 10% of patients may point towards a selective
advantage of genetically fit wt HSC[56–59]. In several FA patients harboring somatic
reversions in hematopoietic cells, improved blood counts have been described. This form of
“natural gene therapy” may occur though one of several mechanisms, including back-mutation,
intragenic recombination, or second site compensation mutations[57,58]. In the context of gene
therapy, these observations suggest that the engraftment of a very limited number of corrected,
long term repopulating hematopoietic stem cells may confer a therapeutic effect.

The development of clinical FA gene therapy trials has been aided by the availability of murine
models of FA. Mice with targeted disruptions of Fanca and Fancc, the two most prevalent
genotypes in humans, have been studied in this regard[33,60–62]. While these models fail to
faithfully recapitulate all aspects of the human disease, bone marrow cells do show the
characteristic hypersensitivity towards DNA damaging agents such as diepoxybutane (DEB),
mitomycin C (MMC), cyclophosphamide, and ionizing irradiation. Unlike humans, mice with
disruptions of FA genes do not develop a bone marrow failure phenotype under steady state
conditions[63]. Ex vivo gene transfer into HSC of gene targeted FA mice has been shown to
correct the cellular FA phenotype at the level of long term repopulating stem cells [33,60–
62]. Genetically corrected cells have been shown to achieve enhanced engraftment and a
modest selective advantage over uncorrected cells[64–66]. Pharmacologic in vivo selection of
corrected HSC with MMC and cyclophosphamide has been demonstrated to confer powerful
selection in vivo but has limited translational relevance due to the increased sensitivity of FA
patients to DNA damaging agents[62,65]. The use of in vivo selection conferred by the O6-
methylguanine-DNA-methyltransferase (MGMT) chemoresistance gene as well as
nongenotoxic agents such as interferon-γ (INF-γ) has also been proposed[19,33]. While limited
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in their ability to recapitulate the complex phenotype and clinically challenges of FA patients,
FA knock-out mice continue to provide a powerful platform for assessing and optimizing novel
gene therapy approaches.

6. Mobilization of FA hematopoietic stem cells
Current gene therapy strategies require harvest and purification of autologous hematopoietic
CD34+ stem and progenitor cells (HSC/P) as targets for gene transfer. Both peripheral blood
and bone marrow human CD34+ cells are enriched for HSC/P and capable of trilineage
hematopoietic reconstitution upon transplantation [67,68]. Mobilization and collection of
peripheral blood and bone marrow CD34+ cells in FA patients poses particular challenges
related to the nature of this bone marrow failure disease [34,35,69]. Overall, the CD34+
collection yields in FA patients are below the expected yield of healthy individuals with a high
degree of intra-patient variability. Increasing evidence demonstrates that the bone marrow
HSC/P content is reduced in FA patients, even prior to the onset of overt bone marrow failure.
This notion is supported by the observation of a profound reduction in colony forming
progenitors in the cord blood of a child with FA[70]. Rackoff et al. prospectively investigated
the use of G-CSF to mobilize HSC/P in 10 patients with FA. While the primary goal of this
study was to demonstrate the feasibility of treatment of cytopenia in FA, the investigators also
observed an increase of the bone marrow and peripheral blood contents of CD34+ cells in 8
patients. This response was variable, with a 3- to 18-fold increase in peak CD34+ detected in
the peripheral blood[26]. This study demonstrated the feasibility of using G-CSF at a dose
range of 5–10 μg/kg/day for the treatment of neutropenia and was followed by other studies
aiming to procure CD34+ cells for re-infusion and as targets for gene therapy. With regard to
high-dose G-CSF, doses of 16–20 μg/kg daily for four days has been well tolerated by healthy
volunteer donors undergoing leukapheresis for granulocyte transfusions[71]. Still higher G-
CSF doses of 24–32 μg/kg/day have been used in children with severe congenital neutropenia
(Kostmann’s Syndrome) or patients who have been heavily pre-treated with myeloablative
chemotherapy[72–76]. In a second study of patients with FA, treatment with 10 μg/kg G-CSF
for 6–14 days, resulted in the goal level of ≥ 6 CD34+ cells per μl peripheral blood being
mobilized in six patients and the collection of 2 × 106 CD34+ cells/Kg of target weight in four
of eight patients[69]. However, mobilization and collection was achieved only with extended
G-CSF treatment and multiple days of apheresis, reducing the practical feasibility and raising
questions regarding the ability of the CD34+ cells to engraft upon transplantation. Liu et al.
enrolled four FA patients with complementation group C into a clinical gene therapy trial,
seeking to collect CD34+ cells for gene therapy in four cycles of mobilization and collection.
Each collection cycle involved a 5-day treatment with 10 μg/kg/day G-CSF followed by
leukapheresis. CD34+ yields were highly variable in this study ranging from a failure to
mobilize in one patient to the collection of 1.1, 1.9, and 1.3 × 106/kg CD34+ cells in separate
mobilization cycles, values within the range used for autologous hematopoietic rescue
following high-dose chemotherapy, in another study subject[34].

More recently, Kelly et al. undertook a prospective analysis of the bone marrow CD34+ content
of eighteen FA patients, aged 1.5–26 years, with mild peripheral blood cytopenias (absolute
neutrophil count >750/mm3, Hb > 8 mg/dl, platelets > 30,000/mm3). Seven patients were
enrolled in the collection arm with the dual intention of isolating CD34+ cells for future
autologous re-infusion and potentially corrective gene transfer into CD34+ of
complementation group A patients. An initial diagnostic bone marrow aspirate indicated that
the goal of 2 ×106 CD34+ cells per Kg (based on estimated weight 5 years in the future) could
be achieved in four of seven subjects. The actual number of nucleated cells in the bone marrow
collection ranged from 1.4 to 3 ×108/kg and was within the range predicted by the bone marrow
analysis at study entry. However, the frequency of CD34+ cells in the marrow collections,
which ranged from 0.14 to 1.5%, was lower than the entry marrow aspirate analysis suggested
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in six of seven subjects. Thus, the target CD34+ cell dose of 2×106 per kg future weight was
not obtained in any patient. However, three of four subjects achieved >80% of the collection
goal based on future weight and all four attained collection of 2 ×106 CD34+ cells/kg based
on their weight at study entry. Of note, two patients treated with G-CSF (16μg/kg of G-CSF
for four days followed by an additional four days of 32μg/kg) yielded bone marrow CD34+
cell collections that exceeded the predicted collection based on entry marrow aspirate analysis.
G-CSF was well tolerated and the peripheral blood ANC increased in these two study subjects
(from 780/mm3 to 14,000/mm3 and from 1000/mm3 to 11,700/mm3, respectively). Overall,
compared to normal controls, FA patients had a 2–fold reduction in marrow cellularity and a
6-fold reduction in CD34+ cells. Accordingly, a significant reduction in the bone marrow
progenitor content was noted in vitro[35]. Taken together, these findings highlight the relative
paucity of CD34+ cells in FA patients as a major rate limiting factor for successful
implementation of gene therapy strategies.

7. Clinical experience with Fanconi anemia gene therapy
Despite considerable challenges related to the procurement of autologous CD34+ HSC/P, two
clinical gene therapy trials involving a total of 7 patients with FANCA and FANCC mutations
have been conducted and these studies established the feasibility of gammaretroviral gene
transfer of FA genes into human hematopoietic progenitor cells[34,35]. In both trials,
transduction rates in vitro were judged to be adequate based on experience in other successful
human gene therapy trials, ranging between 10–20% in the initial trial[34] and 42–62% in a
more recent trial, which employed state of the art gene transfer protocols, including the use
serum free medium and Retronectin™ [35]. Transduced autologous cells were infused into the
patients without prior conditioning chemotherapy. While vector sequences were detectable
transiently in peripheral blood and bone marrow mononuclear cells of several patients in both
trials, neither trial achieved prolonged engraftment of gene modified HSC[34,35].
Interestingly, despite this lack of engraftment, transient improvements in bone marrow
cellularity and peripheral blood counts were noted in several patients. However, it is likely that
these hematologic improvements are the result of re-infusion of autologous “expanded” CD34
+ derived progenitor cells rather than a result of gene therapy. Of note, the cell doses infused
in both trials were up to 50-fold less than in previous clinically efficacious gene therapy trials
for immunodeficiencies[37–39]. Combined with the lack of preparative chemotherapy, the
relatively modest number of transduced CD34+ cells infused almost certainly contributed to
the lack of long term engraftment of gene modified cells in both trials. In addition, the predicted
selective advantage of genetically corrected HSC over FANC-deficient HSC has not been
observed in either trial. Nonetheless, Liu et al. reported the emergence of detectable vector
sequences in the peripheral blood and bone marrow of a 29 year-old study patient who
developed a squamous carcinoma of the vulva and received 4500 cGy of fractionated pelvic
irradiation. This malignancy occurred after the gene therapy treatment but was thought to be
unrelated. The radiation treatment induced prolonged cytopenia and following hematopoietic
recovery, approximately 220 days after the cell infusion, gene-positive peripheral blood and
bone marrow nuclear cells were detected by sensitive PCR methods for the first time. This
observation might suggest the potential for positive selection, mediated by ionizing radiation,
of a transduced progenitor cell[34].

8. Future directions
Fanconi anemia HSCs have proven to be the proverbial needle in the hay stack. Improving
cell-based therapies for FA will likely require a combination of several strategies (Table 1).
Despite evidence pointing to the role of pro-apoptotic cytokines [14,15], the precise
mechanism by which HSC are progressively lost in children with FA remains an enigma.
Supportive care using hematopoietic growth factors or androgens to boost blood cell production
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provides transient benefit in some patients, delaying but not obviating the need for more
definitive treatment [23–26]. Thus far, allogeneic hematopoietic stem cell transplantation
remains the gold standard approach to advanced marrow failure in FA patients. A better
understanding of the extra-hematopoietic toxicity of the preparative chemotherapy regimen,
enhanced supportive care, and increasing experience of specialized transplant centers has led
to improved outcomes of allogeneic transplantation [22].

Evidence implicating pro-apoptotic cytokines such as TNF-α and INF-γ in the pathogenesis
of marrow failure and leukemic transformation in FA points towards a potential opportunity
for therapeutic intervention. Etanercept is a dimeric form of the TNF-α receptor, consisting of
a fusion protein of the extra-cellular ligand-binding domain of the human TNF-α receptor with
the Fc portion of human IgG1[77]. Etanercept has been shown to be efficacious in
rheumatologic diseases involving TNF-α dysregulation, including rheumatoid arthritis and
juvenile rheumatoid arthritis[78,79]. It is conceivable that long term treatment of FA patients
with TNF-α antagonists such as etanercept might delay or abrogate the development of marrow
failure and acute myeloid leukemia. Long term etanercept administration in FA patients is
currently under investigation in at least one phase I trial.

FA HSCs appear to be reduced in number early in life, even prior to the onset of overt marrow
failure[35,70]. This poses substantial challenges to the collection of autologous HSC/Ps for
gene therapy. However, advances in the technology of gene transfer in recent years highlight
the potential utility of this approach. To date, >30 patients with primary immunodeficiencies
have been treated with good results[80]. While some of the immunodeficiency gene therapy
trials have been complicated by adverse events related to insertional mutagenesis[41–43], the
understanding of these events has grown considerably in recent years and this knowledge is
now leading to the next generation of gene therapy trials with safety modified gene transfer
vectors. It is likely that a specific subgroup of Fanconi anemia patients will benefit from cell
and gene therapy with autologous hematopoietic stem cells in the future as this approach avoids
the immunologic barriers associated with allogeneic HSCT. Strategies that will aide the
realization of successful FA gene therapy are likely to involve enhanced mobilization,
preservation, engraftment, and expansion of HSC/Ps.

As it relates to HSC/P mobilization, G-CSF remains the gold-standard in clinical
transplantation. However, broad inter-individual variability of efficacy exists in normal healthy
subjects, patients pre-treated with chemotherapy, and patients with Fanconi anemia[34,35,
69,81]. This has led to the investigation of alternative mobilization agents. One such agent,
AMD 3100, is a competitive small-molecule antagonist of the interaction of stromal derived
factor 1 (SDF-1) and the chemokine receptor CXCR4 [82]. SDF-1, a chemoattractant produced
by BM stromal cells, is a ligand for CXCR4, expressed on HSC/P, and is implicated in
chemotaxis, homing, and survival of HSC/P[83–85]. Thus, antagonizing the interaction of
SDF-1 with CXCR4 on HSCs has been shown to result in HSC mobilization in healthy human
volunteers and in patients with multiple myeloma and non-Hodgkin’s lymphoma who had
received previous chemotherapy[82,86]. In addition, AMD3100 plus G-CSF has been shown
to successfully mobilize CD34+ cells from cancer patients previously failing mobilization with
chemotherapy and/or cytokine treatment[87]. In a murine model of FA genotypes A and C, the
combination of G-CSF and AMD3100 has been shown to synergistically mobilize HSC with
a greater than additive effect on long-term BM repopulation and self-renewal capacity [88].
The combination of AMD3100 and G-CSF may prove to be advantageous with regard to
mobilizing sufficient numbers of CD34+ cells for gene therapy applications and is currently
in phase I trial in FA patients.

With regard to HSC engraftment, recent work has focused on the role of the peptidase CD26
(DPPIV/dipeptidylpeptidase IV). CD26 is a membrane bound extracellular peptidase which is
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found on a subset of hematopoietic cells and cleaves dipeptides from the N-terminus of
polypeptide chains, including SDF 1, rendering the chemokine inactive[89–91]. The tri-peptide
Diprotin A (Ile-Pro-Ile) is a specific inhibitor of CD26[89] and the inhibition of CD26 by short
term exposure of the donor cells to Diprotin A in vitro has been shown to increase
transplantation efficiency in syngeneic murine and human xenotransplantation models[91,
92]. Diprotin A has also been shown to enhance the engraftment of murine HSC following ex
vivo retroviral gene transfer[93].

Similarly, North et al. has recently identified chemicals that enhance prostaglandin (PG) E2
synthesis which appear to preserve or expand HSC in a screening assay utilizing the zebra fish
system[94]. Exposing murine whole bone marrow in vitro to a long acting derivative of
prostaglandin E2 (dmPGE2) prior to transplantation resulted in a 3-fold increase of day-12
spleen colony forming units, indicative of an increase in HSC, and a 2.3-fold increase in long
term engraftment in competitive limiting –dilution transplantation assays in the mouse[94].
Neither Diprotin A or dmPGE2 have been evaluated in humans or in the context of FA, but it
is conceivable that the use of pro-HSC engraftment compounds may prove beneficial in
diseases with limited cells available for gene therapy and transplantation.

We recently reported the advantages of rapid lentiviral over conventional gammaretroviral
transduction in a murine model of FA type A[33]. This approach was informed by the
observation that murine FA HSCs are prone to excessive apoptosis and the development of
cytogenetic aberrations during in vitro culture under conditions that promote stem-cell/
progenitor proliferation[64]. This is particularly relevant as a disease-specific challenge in FA
gene therapy, because a common feature of conventional gammaretroviral transduction
protocols employed in previous gene transfer protocols involve cytokine prestimulation with
the goal of inducing HSC proliferation, an essential prerequisite for gammaretroviral
integration [95]. In both previous FA gene therapy trials, in vitro culture of FA HSCs lasted
up to 84 hours[34,35]. Lentiviral vectors are capable of transducing nondividing cells, allowing
for shortened ex vivo culture durations while maintaining efficient gene transfer to long-term
repopulating cells[96]. We demonstrated significantly enhanced engraftment of transduced
long term repopulating HSCs following rapid lentiviral transduction transduction[33]. Our
observation was recently confirmed by Si at al. in a report demonstrating the superior
engraftment of Fancc−/− HSC/P following rapid transduction with a foamy virus gene transfer
vector [97].

Thus, improvements in FA gene therapy are likely to result from a combination of advances,
including the use of compounds that enhance HSC mobilization, expansion and engraftment
in addition to optimized shortened transduction with lentiviral gene transfer vectors.

Finally, the use of pluripotent embryonic stem (ES) cells to generate HSC provides a potential
means of obtaining limitless numbers of HSC [98]. More recently, the introduction of four
reprogramming factors into somatic cells has been demonstrated to yield cells that act like ES
cells, termed induced pluripotent stem (IPS) cells. IPS cells have been generated from somatic
murine [99] and human[100–102] cells. IPS cells offer the potential opportunity for tissue
engineering, including hematopoietic stem cells, in a patient specific manner and without many
of the ethical concerns surrounding other approaches, which require the use of human oocytes
or embryos[103]. A recent paper by Hanna et al. establishes prove-of- principal for the
correction of an inherited blood disorder with this approach by demonstrating the derivation
of engraftable hematopoietic stem cells generated in vitro from autologous iPS cells in a
humanized sickle cell anemia mouse model[104]. This approach may proof useful in the
context of genetic bone marrow failure syndromes like Fanconi anemia, as fibroblast-derived
IPS cells present an unlimited source of material from which patient specific HSC could be
derived. The feasibility of deriving IPS cells from a panel of human subjects with various

Müller and Williams Page 9

Mutat Res. Author manuscript; available in PMC 2010 July 31.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



genetic diseases has recently been shown[103]. However, no data on the applicability of IPS
technology to Fanconi anemia has been published to date and many technological barriers
remain[99].

In summary, the outlook for FA patients has improved dramatically in recent years, mostly as
a result of advances in clinical stem cell transplantation. As our understanding of the complex
molecular and cellular pathophysiology of FA continues to increase, novel cell and gene
therapy approaches may hold additional promise for patients affected by this disorder.
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Table 1

Future directions for stem cell therapy of Fanconi anemia

Treatment approach Status of pre-clinical or clinical development

Optimization of allogeneic
bone marrow
transplantation

Total body irradiation dose de-escalation is under investigation in unrelated donor
HSCT [105,106]

Blocking of pro-apoptotic
cytokines

Etanercept, a TNF-α decoy receptor [15], is under investigation in phase I clinical
trial in GVHD following allogeneic transplantation

Use of alternative
hematopoietic stem cell
mobilization agents

AMD3100, a competitive small-molecule antagonist of the interaction of SDF-1
and CXCR4 [82,88], is currently under investigation in a phase I trial of CD34+
cell mobilization in FA

Enhancing HSC/P
expansion or engraftment

Diprotin A [92] or prostaglanding E2 [94] have been shown to enhance
engraftment or confer HSC expansion, respectively. A phase I clinical trial of
PGE2 is currently ongoing.

Optimization of gene
transfer technology

Shortened transduction has shown superior engraftment in pre-clinical studies
[33,97]

Development of patient-
specific pluripotent stem
cells

Disease-specific induced pluripotent stem (iPS) cells closely resemble embryonic
stem cells. iPS technology will require more pre-clinical development prior to
clinical translation [100,101, reviewed in Müller LU et al., MTHE, in press]

HSCT: hematopoietic stem cell transplantation; TNF-α: Tumor necrosis factor alpha; SDF-1: stromal-derived-factor 1; HSC/P: hematopoietic stem
and progenitor cells;
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