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Radiation-sensitive severe combined immunodeficiency:
The arguments for and against conditioning before
hematopoietic cell transplantation—what to do?

Morton J. Cowan, MD,? and Andrew R. Gennery, MD"

Defects in DNA cross-link repair 1C (DCLREI1C), protein kinase
DNA activated catalytic polypeptide (PRKDC), ligase 4 (LIG4),
NHE]1, and NBS1 involving the nonhomologous end-joining
(NHEJ) DNA repair pathway result in radiation-sensitive severe
combined immunodeficiency (SCID). Results of hematopoietic
cell transplantation for radiation-sensitive SCID suggest that
minimizing exposure to alkylating agents and ionizing radiation
is important for optimizing survival and minimizing late effects.
However, use of preconditioning with alkylating agents is
associated with a greater likelihood of full T- and B-cell
reconstitution compared with no conditioning or
immunosuppression alone. A reduced-intensity regimen using
fludarabine and low-dose cyclophosphamide might be effective
for patients with LIG4, NHE]1, and NBSI defects, although
more data are needed to confirm these findings and characterize
late effects. For patients with mutations in DCLREIC
(Artemis-deficient SCID), there is no optimal approach that uses
standard dose-alkylating agents without significant late effects.
Until nonchemotherapy agents, such as anti-CD45 or
anti-CD117, become available, options include minimizing
exposure to alkylators, such as single-agent low-dose targeted
busulfan, or achieving T-cell reconstitution, followed several
years later with a conditioning regimen to restore B-cell
immunity. Gene therapy for these disorders will eventually
remove the issues of rejection and graft-versus-host disease.
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Prospective multicenter studies are needed to evaluate these
approaches in this rare but highly vulnerable patient
population. (J Allergy Clin Immunol 2015;u88:EEE-uEN,)
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Several DNA repair pathways have evolved to recognize and
repair nonprogrammed DNA double-strand breaks (DSBs)
resulting from ionizing radiation, alkylating agents, and/or
replication errors." DSBs activate ataxia-telangiectasia mutated
and ataxia-telangiectasia and Rad3 kinases, which phosphorylate
as many as 700 proteins that transduce the DNA damage signal,
arrest the cell cycle, and start DNA repair or, if the damage cannot
be repaired, activate apoptosis.”® Unlike most other DNA
damage, DNA DSBs directly threaten genomic integrity; thus
these repair processes are essential for preserving genomic
structure and reducing mutagenic risk and oncogenesis.
Additionally, abnormal repair of DSBs can result in localized
sequence abnormalities and loss of genomic information. More
damaging is the joining of the wrong pair of DNA ends, resulting
in deletions, translocations, or inversions.

Two pathways have evolved to repair DNA DSBs: homologous
recombination (HR) and nonhomologous end joining (NHEJ).!
HR functions primarily in dividing cells and the S phase and
requires a homologous template to maintain replication accuracy.
NHEJ can operate in dividing or nondividing cells, regardless of
the cell-cycle phase, but is particularly used during phases of the
cell cycle when a homologous template is not present. Unlike HR,
NHEJ is an error-prone process with some loss of DNA
information at the site of the DSB.

NHEJ also operates to repair damaged DNA after programmed
DNA DSBs, which are critical for development of B- and
T-lymphocyte receptor diversity associated with V(D)J
recombination. During T- and B-lymphocyte development,
DSBs are introduced during lymphocyte antigen receptor
development, immunoglobulin class-switch recombination, and
somatic hypermutation. V(D)J recombination is initiated by
enzymes coded by recombination-activating gene (RAG) 1 and
RAG2, which form a complex that randomly introduces nicks
in DNA by recognizing highly conserved sequences of DNA,
recombination signal sequences, that flank all V, D, and J coding
regions (Fig 1). Defects in RAG1 or RAG2 result in failure to
initiate the V(D)J recombination process with subsequent failure
to generate T and B lymphocytes and cause one variant of the
most severe primary immunodeficiencies: T B~ natural killer
(NK)—positive severe combined immunodeficiency (TTB"NK™"
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Abbreviations used
ART-SCID: Artemis-deficient severe combined immunodeficiency
ATG: Antithymocyte globulin
DNA-PKcs: DNA-dependent protein kinase catalytic subunit
DSB: Double-strand break
GVvHD: Graft-versus-host disease
HCT: Hematopoietic cell transplantation
HR: Homologous recombination
HSC: Hematopoietic stem cell
MAC: Myeloablative conditioning
NHEJ: Nonhomologous end joining
NK: Natural killer
RAG: Recombination-activating gene
RIC: Reduced-intensity conditioning
SCID: Severe combined immunodeficiency
TBI: Total body irradiation

SCID). There are 5 other genes involved in V(D)J recombination
that are in the NHEJ pathway and mutations of which
cause T"B"NK" SCID: DCLREIC, which codes for an
endonuclease (Artemis); PRKDC, which codes for a
phosphokinase (DNA-dependent protein kinase catalytic subunit
[DNA-PKcs]); LIG4, which codes for DNA ligase 4; NHEJI,
which codes for Cernunnos; and NBSI, which codes for nibrin
and is part of the MRE11 complex, which has a role in the end
processing step in NHEJ along with Artemis and several other
proteins.”® The major distinction between RAGI1/2-defective
SCID and SCID associated with defects in the NHEJ pathway
is that the NHEJ enzymes are ubiquitously found in all nucleated
cells, such that fibroblasts and induced pluripotent stem cells from
affected patients display general susceptibility to alkylating
agents and ionizing radiation commonly used in conditioning
regimens before allogeneic hematopoietic cell transplantation
(HCT), whereas defects in RAG1/2 result in T™B~NK* SCID
without increased susceptibility to alkylating agents and ionizing
radiation.” "’

Patients with ataxia-telangiectasia have progressive neuro-
degeneration, combined T- and B-cell immunodeficiency, and an
increased incidence of malignancy and increased sensitivity to
ionizing radiation.'” Although some improvement in the
phenotype has been reported in Arm-deficient mice after HCT,’
there is very limited experience with HCT in affected children,
although there is at least one case report of a child with
ataxia-telangiectasia and acute lymphoblastic leukemia surviving
in remission for at least 3.5 years after matched sibling HCT."?

ARGUMENTS FOR AND AGAINST CONDITIONING
Controversy remains as to whether chemotherapy conditioning
is required for normal immunoreconstitution after HCT for
SCID.!* When an HLA-matched sibling donor is used, the
likelihood of T- and B-cell reconstitution, even without
conditioning, is high regardless of the type of SCID,'”"'” although
depending on the study and SCID genotype, this can vary from
47% to 81% of patients.'®'® When an HLA-matched sibling is
not available, alternative donors, such as haplocompatible
relatives or unrelated volunteers or cord blood donors, are used.
When closely matched unrelated donors are used without
conditioning, depending on the SCID genotype/phenotype,
T-cell rather than B-cell reconstitution is more likely, although
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graft-versus-host disease (GvHD) is a significant risk factor
with unrelated donors, especially when serotherapy is not
used.'® T- and B-cell reconstitution can also vary with genotype.
For example, patients with yc-SCID or JAK3-SCID easily
engraft, with related haplocompatible T cell-depleted grafts fully
reconstituting T-cell immunity but often without B-cell
immunity,'”"”  whereas 60% to 70% of patients with
RAG-deficient SCID or radiation-sensitive SCID reject these
grafts when no conditioning is used and maternal chimerism is
not present at the time of HCT.'**’

For the group of patients with maternal cells present at the time
of HCT, it appears that use of the mother as the donor if an
HLA-matched sibling or unrelated donor is not available can
successfully reconstitute at least T-cell immunity without
conditioning, although data are limited."” In one center’s
unpublished experience with T B NK™ Artemis-deficient
severe combined immunodeficiency (ART-SCID) or RAG-
deficient SCID, 1 of 5 unconditioned recipients without maternal
chimerism engrafted with a maternal donor and 8 of 8 patients
with maternal cells engrafted with the mother as the donor,
resulting in T-cell but not B-cell reconstitution, although the
degree of T-cell reconstitution varied and often was incomplete
(M. J. Cowan, personal communication). Interestingly, the patient
with ART-SCID who engrafted without maternal chimerism
present was treated with alemtuzumab as the only conditioning
agent.21 The mechanism for the engraftment of maternal cells
in the presence of maternal chimerism before HCT has not been
evaluated, although a possible explanation might be that the
KIR receptor expression between the mother (donor) and child
(recipient) favors engraftment.

When reduced-intensity conditioning (RIC) or myeloablative
conditioning (MAC) is used, the likelihood of T- and B-cell
reconstitution is increased significantly, regardless of the donor,
as shown in a study of 240 patients with SCID undergoing
transplantations in North America from 2000 through 2009.'° In
this study there were 136 infants surviving 2 to 5 years after HCT,
of whom 54% had ceased gammaglobulin therapy. For those who
were treated with RIC or MAC, there was an 84% (CI, 69% to
93%) chance of ceasing gammaglobulin supplementation versus
a 41% (CI, 31% to 52%) chance for patients who received no
conditioning or immunosuppression alone (P <.001). A similar
observation was made regarding reconstitution of T-cell
immunity as defined by a CD3 count of greater than 1000/mm?>
(ie, 89% [CI, 75% to 97%] for recipients of RIC or MAC vs
62% [CI, 51% to 73%] for recipients of none or immunosuppres-
sion alone; P =.007). However, it should be noted that even with
conditioning, a not insignificant percentage of patients with SCID
will still not fully reconstitute T-cell immunity, B-cell immunity,
or both.

Exposure of infants to RIC or MAC is associated with some
risk not only for potential late effects but also with respect to
survival, particularly those patients with SCID who are infected at
the time of HCT and those receiving a mismatched related donor
with conditioning regardless of infection at the time of HCT. In
the North American study age and infection at the time of
transplantation were critical determinants of 5-year survival.'®
For those undergoing transplantation at less than 3.5 months of
age, there was no significant difference in 5-year survival
regardless of donor type, cell source, or conditioning versus no
conditioning regimen. However, for patients who were infected
at the time of HCT, the outcome was significantly better for
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FIG 1. V(D)J recombination. A, DNA is uncoiled at transcription “factories” within the cell, where the asso-
ciated recombination and repair proteins colocalize. B, The lymphoid-specific RAG1/2 proteins recognize
and bind the recombination signal sequences (RSSs) that flank the V(D)J gene segments and introduce
site-specific DNA-DSBs. C, The phosphorylated blunt signal ends, and the covalently sealed hairpin inter-
mediate of the coding end are held together by the RAG complex. D, The MRN complex (protein complex
of Mre11, Rad50 and Nbs1) binds the broken DNA ends and activates ataxia-telangiectasia mutated kinase
(ATM), which initiates cell-cycle arrest and attraction of the repair proteins H2AX, 53BP1, and RNF168,
which, with other proteins, stabilize the damaged chromatin. E, Ei, Ku70/Ku80 heterodimer binds the coding
ends and recruits DNA-PKcs and Artemis, which is required to open the hairpin intermediates. The cova-
lently sealed hairpin intermediate is randomly nicked by the DNA-PKcs/Artemis complex, which generates
a single-stranded break with 3’ or 5’ overhangs. Eii, XRCC4, DNA ligase 4, and Cernunnos-XLF coassociate
and are recruited to the ends. The signal ends are directly ligated by the XRCC4/DNA ligase 4/Cernunnos-
XLF complex. The opened hairpin intermediate is modified by polymerases, exonucleases, and the
lymphoid-specific terminal deoxynucleotidyl transferase (Tdt). Eiii, Repair and ligation by the XRCC4/

DNA ligase 4/Cernunnos-XLF complex.

recipients of haplocompatible grafts who did not receive
conditioning for their transplantation compared with those who
did. Regardless of the SCID genotype, age, or infection status,
recipients of HLA-matched sibling bone marrow grafts had the
best outcome, with the majority receiving no conditioning before
HCT. Late effects of conditioning were not evaluated in this study.

The presence of a defect in NHEJ with increased sensitivity to
alkylators and ionizing radiation adds another dimension to the
debate regarding conditioning before HCT. Not only are
affected children generally young (<1 year old) at the time of
transplantation, but some of these NHEJ defects are associated with
other abnormalities, including microcephaly, developmental delay,
and poor growth. Exposure to alkylators or even low-dose total
body irradiation (TBI) might worsen the central nervous system
damage inherent from their underlying defect and further retard
growth potential. With newborn screening for SCID becoming
commonplace in North America” and soon to be introduced in Eu-
rope and elsewhere, the issue of damage from exposure to chemo-
therapy in these very young babies becomes potentially even more
critical. However, to date, there have been no detailed studies to
address the effect on long-term morbidity and mortality of a single
course of high-dose alkylating chemotherapy in infants with SCID

in contrast to patients with malignancy exposed to repeated
courses.

Issues to consider when thinking about treatment for these
patients include survival from the initial procedure, the quality of
engraftment and long-term durability of T- and B-lymphocyte
function, as well as the potential short- and long-term effects of
chemotherapy. Broadly, 2 groups of patients could be considered,
those with a defect caused by enzymes involved in the ligation
pathway of a DNA DSB repair defect (ie, patients with ligase IV,
Cernunnos-XLF, or, to a lesser extent, nibrin deficiencies, and
patients who have Artemis or DNA-PKcs deficiencies, which are
involved in stabilizing the initial break).

RESULTS OF HCT FOR RADIATION-SENSITIVE SCID

There is scarce information available for patients with ligase
IV, Cernunnos-XLF, or nibrin deficiencies who have undergone
HCT, and therefore care must be taken in the interpretation of the
available data. Given that the DNA DSB repair pathway interacts
with those pathways involved in defects leading to Fanconi
anemia, the relative risk of using chemotherapy might be similar,
although a direct comparison of the ex vivo sensitivity of cells
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TABLE I. Outcomes of transplantations for defects in NHEJ proteins
Conditioning survived Conditioning died
(unpublished) (unpublished)

Defect No. published (unpublished) RIC MAC None Unknown RIC MAC Unknown Outcome unknown References
DNA ligase IV 10 (2) 1(2) 2 1 4 2 7, 23-29
Cernunnos-XLF 5(1) 1 2 [€))] 2 30-32
Nibrin 8 (1) 7 (1) 1 33-35
from Artemis-deficient patients to the DNA-damaging transplantation (although 16 were reported in the article, 2

agent mitomycin C demonstrated decreased sensitivity compared
with that seen in cells from patients with Fanconi anemia and xe-
roderma pigmentosum.'® Because these patients have NK cells
present and often low numbers rather than a complete absence
of T lymphocytes, some conditioning is likely to be needed.
Because of the inherent susceptibility of all cells to damage by al-
kylators, poor tolerance to systemic toxicity, possibly including
the tissue response to GVHD, might be anticipated.

Very few reports of patients with these disorders after HCT
have been published, and there are only a limited number of
unpublished patient experiences. Furthermore, patients had a
variety of underlying reasons for transplantation (marrow failure,
infection, and immunodeficiency), underwent different RIC or
MAC conditioning regimens, and had different donors resulting
in variable outcomes. However, by piecing together published
and unpublished data, some general conclusions can be drawn
(Table I).”**33 For DNA ligase IV deficiency, information is
available on 12 patients (10 published”** ") who have undergone
transplantation: 4 patients died (2 from multiorgan failure during
the conditioning period, 1 from EBV-driven posttransplantation
lymphoproliferative disease, and 1 from hepatic veno-occlusive
disease), all of whom received busulfan and cyclophosphamide;
6 patients have survived, 3 received RIC, 2 received busulfan
and cyclophosphamide, and the conditioning regimen is unknown
in 1. In 2 patients neither the conditioning regimen nor the
outcome is known. For patients with Cernunnos-XLF, there
have been 5 published transplantationsm'32 and a further case
known to the authors. One patient, who received RIC, died
from acute GvHD and disseminated cytomegalovirus. Three
patients survived, 2 of whom received RIC and 2 of whom
received a nonconditioned infusion. For 2 patients, there are no
details available on conditioning regimen or outcome.

A total of 8 patients with Nijmegen breakage syndrome who
underwent HCT have been reported, and a further case is known
to the authors.’>? Eight have survived, all of whom received
RIC. The patient who received busulfan and cyclophosphamide
died before engraftment from bacterial sepsis.”*

In summary, 12 (92%) of 13 patients with ligase IV,
Cernunnos-XLF, or nibrin deficiencies who received RIC are
alive, whereas 2 (40%) of 5 who had a non-RIC regimen survived,
and only 1 of 6 who received MAC survived. Two patients who
received an unconditioned HCT survived. In 5 other patients there
is no specific detailed information, although at least 1 was alive at
the time of publication. No long-term follow-up regarding quality
of engraftment, immune function, quality of life, and late effects
are available.

Although only 1 patient with DNA-PK deficiency has been
reported to have undergone unconditioned HCT, much more
information is available for patients with ART-SCID. In the study
by O’Marcaigh et al,*® 14 patients with ART-SCID underwent

siblings were subsequently found to have RAG rather than
Artemis deficiency); 5 of the 14 received no conditioning or an-
tithymocyte globulin (ATG) alone, 5 received cyclophosphamide
and ATG, and 4 received cyclophosphamide and busulfan or TBI
with ATG. Seven had HLA-matched sibling donors, and 7 under-
went T cell-depleted haplocompatible parental marrow trans-
plants. No patient had GvHD of greater than grade 2. Nine of
14 are alive. All 5 patients who died received cyclophosphamide
with ATG or cyclophosphamide and busulfan or TBI and ATG.
The one recipient of an HLA-matched sibling graft conditioned
with cyclophosphamide had multiple episodes of pulmonary
hemorrhage at 5 years after HCT that led to chronic lung disease
and death at 19 years of age. Three patients required boost infu-
sions, but the large majority of patients had T-lymphocyte func-
tion with CD4" and CD8" CDA45RA™ cells (M. Cowan,
personal communication). Only 3 of 14 had B lymphocytes, all
of whom had been conditioned. There were significant adverse
events in patients who received conditioning with alkylators,
including growth retardation and dental abnormalities. Interest-
ingly, one of the 3 who is independent of gammaglobulin supple-
mentation received an HLA-matched sibling graft with
cyclophosphamide preconditioning and has also delivered twins
(M. Cowan, personal communication).

It should be noted that the patients in this report% were
Athabascan-speaking Native Americans and presented early
(<3 months of age). Although these affected Native Americans
have an immunophenotype comparable with that of other patients
with ART-SCID, the possibility that they are not representative of
other Artemis-deficient patients has been addressed. In the large
study of ART-SCID versus RAG-SCID by Schuetz et al,” it
was found that compared with other Artemis-deficient patients,
the Athabascan-speaking Native Americans had more frequent
orogenital ulcers at presentation than non-Athabascan patients
with ART-SCID (53% vs 14%, respectively; P < .05) and
less frequent viral infections before HCT (P < .01), whereas
other features were comparable, including abnormal dental
development when exposed to alkylators (100% in both
subcohorts). Also, a single-center study with a median of 14 years
of follow-up found a striking difference in event-free survival
between patients with non-Athabascan ART-SCID and SCID
caused by other defects, including RAG mutations. 15

Mazzolari et al’’ described 2 patients with ART-SCID at 11 and
13 years after transplantation. Both received cyclophosphamide-
based conditioning and had a matched sibling or unrelated donor.
One patient had grade 3 GvHD, which resolved, but both patients
had normal T-lymphocyte numbers, evidence of thymopoiesis,
and B-lymphocyte engraftment and were off gammaglobulin
replacement. Both patients have full or mixed trilineage donor
chimerism. One patient has ataxia, hypotonia, and epilepsy and
requires continuous treatment with antiepileptic drugs as a
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consequence of encephalitis that occurred early after HSCT,
whereas no abnormalities were reported for the other patient.

Cavazzana-Calvo et al** evaluated 2 Artemis-deficient patients
who received maternal T lymphocyte—depleted marrow with no
conditioning. At 13 years of follow-up, they had low T-cell
receptor excision circle numbers with poor thymopoiesis and
recipient myeloid cells and continued to receive gammaglobulin
replacement.

In the largest retrospective 3-center study (University of
California San Francisco Benioff Children’s Hospital; Hopital
Necker-Enfants Malades, Paris, France; and the Department of
Pediatric and Adolescent Medicine, University Medical Center,
Ulm, Germany) of early and late outcomes after HCT in patients
with T"B”NK™ SCID with or without increased sensitivity to
alkylating agents and ionizing radiation, Schuetz et al’” evaluated
69 patients with ART-SCID versus 76 patients with RAG-SCID, a
number of whom had previously been reported.'>*° The 2 groups
were comparable with respect to donor type and exposure to
alkylating agent therapy and a variety of other transplant
characteristics. Overall survival was similar in each group
(Artemis, 67%; RAG, 63%), and there was no difference in
survival depending on the donor type between the 2 groups. Early
toxicity was noted equally in both groups, particularly
mucositis and sinusoidal obstruction syndrome. Acute GvHD
was noted in both groups, as well as systemic infection. Death
occurred in both patients with RAG-SCID and those with
ART-SCID, and factors associated with mortality included viral
infection before transplantation, age of greater than 3 months
before diagnosis, the presence of chronic GvHD, and the
necessity of retransplantation. However, factors that were not
associated with mortality were Omenn syndrome, use of a
haploidentical donor, or the type of conditioning regimen,
including alkylating agents.

Importantly, a subcohort of 92 patients with either ART-SCID
or RAG-SCID who were at least 2 years after transplantation was
also studied for outcome, complications, and quality of immune
reconstitution with a follow-up of 2 to 28 years (median,
8.5 years). There were 47 patients with ART-SCID and 45 with
RAG-SCID. There was no difference between the groups in the
numbers of patients who received alkylating therapy nor in
immunologic reconstitution, with similar numbers of
patients having low numbers of CD4 T lymphocytes or naive
T lymphocytes or continuing to receive gammaglobulin.
Significantly more patients with RAG-SCID had full donor
myeloid chimerism, although more of those patients received
MAC. There was significantly improved immunoreconstitution at
2 years after transplantation in recipients of myeloablation both
with respect to T-lymphocyte numbers and freedom from
immunoglobulin replacement (P < .001). However, late
complications were significantly more common (P < .001) in
patients with ART-SCID and included infections, immunodysre-
gulation, noninfectious/nonautoimmune endocrinologic dysfunc-
tion, growth problems, and permanent teeth abnormalities.
Twenty-one percent of the 47 patients with ART-SCID versus
0% of the patients with RAG-SCID had dental abnormalities,
including abnormal roots and failure to develop permanent teeth.
Factors predictive of poor growth in the Artemis-deficient patients
included MAC and the use of alkylating agents. Among patients
older than 5 years at the time of the study who had received
alkylators, 86% of Artemis-deficient and only 12% of
RAGe-deficient patients had growth deficiency. Boys with
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ART-SCID after alkylator therapy had the greatest loss in height
(P <.0001) versus male subjects not receiving alkylators.

In summary, MAC before HCT is associated with better
engraftment, long-term thymopoiesis, and B-lymphocyte
function in patients with radiosensitive SCID associated with
Artemis deficiency and with no significant increase in immediate
complications or mortality. Unfortunately, there is a significant
increase in the risk of long-term morbidity after alkylator
chemotherapy in this patient population, particularly with respect
to growth, endocrine, and dental and nutritional problems. This is
in contrast to patients with other radiosensitive disorders,
including DNA ligase 4, Cernunnos, and nibrin deficiency
(Nijmegen breakage syndrome), in which myeloablative therapy
does not appear to be essential and appears to be associated with
increased early mortality.

The data are too limited to comment on patients with
DNA-PKcs abnormalities. Although they might behave like
patients with ART-SCID, there is one report of DNA-PKcs
deficiency with severe developmental delay, which might indicate
broader adverse effects beyond the immune system.’” Further
experience with HCT for these patients will help to clarify this
issue.

HOW TO RESOLVE THE DILEMMA?

The dilemma for transplant physicians and immunologists
treating these patients is that the use of MAC before HCT for
patients with SCID results in increased donor chimerism and a
greater likelihood of normal T- and B-lymphocyte reconstitution.
However, in those patients with active infection at the time of
HCT, the 5-year outcome is significantly better in patients who do
not receive any conditioning.'® With the increase in universal
newborn screening for SCID, this issue might become less
relevant because patients will be less likely to be infected.
However, the long-term outcome and late effects associated
with exposure of young infants to high-dose alkylators has not
been studied in any detail to date in a heterogeneous cohort of
patients with SCID and is of great concern.

For the patients with radiation-sensitive SCID, the dilemma is
even more profound. Although for some genotypes (ie,
DCLREIC) early side effects and survival do not appear to be
significantly affected by exposure to alkylator therapy, other
genotypes (LIG4, NHEJI, and NBSI) appear to be associated
with decreased survival after MAC, and the late effects of
exposure to RIC and MAC remain to be determined for all of these
disease types.

WHAT TO DO?

Currently, what are the least toxic regimens that avoid or
minimize exposure to alkylating agents and TBI that induce DNA
DSBs, which these patients have significant difficulty in
repairing? First, radiotherapy is not required to successfully
engraft these patients and should be avoided.

Second, for those with DNA ligase 4, Cernunnos, or nibrin
abnormalities, RIC seems to be well-tolerated, with good
engraftment and immediate survival. In fact, a regimen modified
from that used for Fanconi anemia with the use of serotherapy,
fludarabine, and very low-dose cyclophosphamide (total of
20 mg/kg; http://esid.org/layout/set/print/content/download/365/
1635/file/BMT_Guidelines_2011.pdf), as published by the
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European Society for Immunodeficiencies/European Group for
Blood and Marrow Transplantation Inborn Errors Working Party,
has been well tolerated, with 10 (83%) of 12 patients surviving
(A. Gennery, personal communication). However, the long-term
effects of such a regimen are unknown, and careful long-term
follow-up of these patients will be required. Because these
patients often present with marrow failure syndromes (with or
without severe immunodeficiency) and therefore appear to have
abnormal hematopoietic stem cells (HSCs), it is possible that
very low doses of cyclophosphamide might be sufficient to obtain
robust multilineage engraftment with T- and B-lymphocyte
reconstitution without the need for busulfan to open marrow
niches. Also, it should be emphasized that patients with marrow
failure syndromes who are being considered for HCT should be
evaluated for possible radiation sensitivity and associated defects,
even without a history of infections.

Third, for patients with Artemis deficiency, there is no obvious
HSC defect (although unpublished data suggest one; M. J. Cowan,
personal communication) and thus no reason to believe that the
modified European Society for Immunodeficiencies/European
Group for Blood and Marrow Transplantation/Inborn Errors
Working Party conditioning regimen for patients with ligase 4,
Cernunnos, or nibrin deficiency is sufficient to open marrow niches
in patients with ART-SCID. In fact, the experience with ART-SCID
supports the belief that high-dose cyclophosphamide (200 mg/kg)
alone does not reliably restore B-lymphocyte immunity.z()‘3("4()
Thus, some form of therapy that targets marrow niches is required.
Unfortunately, although these patients seem to tolerate marrow
ablative alkylating agents in the conditioning regimen in the short
term comparable with patients with RAG-SCID,”” there are signif-
icant long-term side effects from these agents. Although the modi-
fied Fanconi anemia approach is unlikely to be effective, studies
evaluating low-dose busulfan with careful targeting of drug expo-
sure using newer pharmacokinetic models are needed.*' Other ap-
proaches to opening marrow niches, such as targeting CD117, the
c-Kit receptor on HSCs,"” warrant further exploration in these pa-
tients if a clinical agent becomes available. Other conditioning
regimens using antibody-based (eg, anti-CD45) minimal-
intensity conditioning to open marrow niches have been used
successfully in patients with primary immune deficiencies but
none with radiosensitive SCID and need to be evaluated.”®

There is virtually no reported experience with low-dose
cyclophosphamide alone (<200 mg/kg) to prevent rejection. In
a single Artemis-deficient patient who received a T cell-depleted
unrelated donor transplant, 200 mg/kg cyclophosphamide and
low-dose busulfan conditioning were inadequate to prevent
rejection, even after a boost attempt,4() and therefore this remains
a very difficult problem for this patient population. The reported
experience with fludarabine is very limited in the setting of
haplocompatible donors, where NK-mediated graft rejection is
a problem. However, the efficacy of fludarabine in suppressing
NK function in vitro appears to be ineffective.*’ In an attempt
to suppress NK cells, a limited number of Artemis-deficient
patients without maternal chimerism received a T cell-depleted
haplocompatible parental graft after pretreatment with
alemtuzumab, an anti-CD52 mAb known to target all
lymphocytes.”' Unfortunately, benefit from this therapy was not
uniformly seen, and T-lymphocyte reconstitution was delayed
in the engrafted patients.

Finally, there is the option of using ablative doses of busulfan
(or treosulfan, which might be less toxic than busulfan*) in
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patients with ART-SCID in spite of the increased risks.'*" If a
higher-intensity conditioning regimen using alkylator therapy
is considered, it is essential that the transplant physician
inform the parents of the potential serious late effects that might
develop.

Until effective nonalkylator therapy for opening marrow niches
and preventing NK cell-mediated rejection is available for
patients with ART-SCID, we need prospective multicenter studies
that evaluate rational approaches to treating this vulnerable
patient population with the least toxic agents available and, if
possible, limiting the exposure to one alkylating agent. A possible
approach, although it needs to be tested, especially for newborns
and those with infections at the time of HCT, would be a 2-step
strategy to immune reconstitution. First, reconstitute sufficient
T-lymphocyte immunity to ensure long-term survival using
minimal to no conditioning.'”"> For patients with
HLA-matched siblings or maternal chimerism, engraftment
with achievement of T-lymphocyte reconstitution should be
possible without exposing these infants to alkylator therapy at a
time when they are most susceptible. If a patient has a matched
unrelated donor, it might or might not be possible to achieve
T-cell engraftment, depending on the genotype, and the risk of
GvHD is not insignificant if serotherapy is omitted before
transplantation.'® For those patients with no sibling donor or
maternal chimerism, there is still a chance that some (40%) will
engraft without any conditioning using a T lymphocyte—depleted
haplocompatible donor.'” However, with alternative donors and
no maternal chimerism, a transplantation with cyclophosphamide
might be necessary, although preferably at a lower dose, even
though the risk of rejection might be higher."” Some of these
patients, especially those receiving HLA-matched grafts, might
recover B lymphocytes after the initial unconditioned HCT and
might not need additional therapy. Second, for those who fail to
make antibodies and/or have poor T-lymphocyte immunity after
2 to 3 years of age, a boost transplantation with some form of ther-
apy to open marrow niches, such as targeted busulfan or treosul-
fan, could then be performed. This would certainly allow time for
permanent tooth buds to develop and possibly increase the chan-
ces for more normal dental development and more normal stature.
There is at least one published report of this approach being suc-
cessful in a patient with ART-SCID."® However, this 2-stage
approach also has inherent risk, including the potential higher
risk of infections and greater risk of GvHD associated with older
age, as well as diminished thymopoiesis with increasing age,
although it appears that haplocompatible related transplants can
successfully reconstitute T-cell immunity and maintain thymo-
poiesis without conditioning if done sufficiently early in life.*’
Ultimately, the transplantation of gene-corrected autologous
CD34% cells will at least eliminate the need for antirejection
chemotherapy and the risk of GvHD, although the need for open-
ing the marrow niche to achieve B-cell reconstitution remains.
Currently, many of the gene therapy protocols in patients require
chemotherapy, although at low doses. Moreover, low-dose
busulfan or irradiation was required for efficient lentivirus-
mediated gene therapy in leaky Artemis-deficient mice.*®*’

Although our knowledge of these complex radiation-sensitive
disorders is incomplete, accumulating data suggest that they do
not tolerate the same conditioning regimens used for patients with
other types of SCID. We need to develop alternative approaches
that spare these children the deleterious effects of alkylating
therapy while still achieving full T- and B-cell reconstitution. By
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doing so, we will develop approaches that might in fact benefit all
patients undergoing these kinds of procedures.
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