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required to achieve this exposure was 5.9 mg/kg (range, 4.8 to 9.1). With a median follow-up of 4.5 years all
patients survived, with 1 requiring an additional HCT. Donor myeloid chimerism was generally >90% at 1 month
post-HCT, but in most patients it fell during the next 3 months, such that 1-year median myeloid chimerism was
14% (range, 2% to 100%). Six of 10 patients had full T and B cell reconstitution, despite myeloid chimerism as low
as 3%. Three patients have not recovered B cell function at over 2 years post-HCT, 2 of them in the setting of treat-
ment with rituximab for post-HCT autoimmunity. Low-exposure busulfan was well tolerated and achieved suffi-
cient myeloid chimerism for full immune reconstitution in over 50% of patients. However, other factors beyond
busulfan exposure may also play critical roles in determining long-term myeloid chimerism and full T and B cell

reconstitution.

© 2019 American Society for Blood and Marrow Transplantation.

INTRODUCTION

Severe combined immunodeficiency (SCID) is a heteroge-
neous group of genetic disorders with the shared phenotype of
profoundly deficient T cells and absent B lymphocyte function.
For long-term survival, patients with SCID require restoration
of T cell immunity via allogeneic hematopoietic cell transplan-
tation (HCT), gene therapy, or enzyme replacement therapy in
adenosine deaminase deficiency. There is considerable debate
regarding the role and intensity of conditioning before alloge-
neic HCT. Depending on genotype and donor, many patients
with SCID will engraft donor T cells, and occasionally B cells,
without any cytotoxic conditioning [1-3]. Data suggest that in
genotypes with no B cells or intrinsically defective B cells, the
use of conditioning intended to open hematopoietic stem cell
niches in the marrow improves the likelihood of B cell engraft-
ment and reconstitution [4,5] and may improve some elements
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of T cell reconstitution [4—6]. However, the use of conditioning
does not improve overall survival in SCID patients [4,5] and
may increase the risk of graft-versus-host disease (GVHD) [5].
Furthermore, the long-term effects of conditioning in infants
are largely unknown [7], except in patients with DNA-repair
defects where alkylator exposure is associated with the devel-
opment of significant late effects [8].

Although unconditioned HCT allows donor T cell engraft-
ment for certain SCID genotypes, patients with natural killer
(NK) cell—positive forms of SCID have high rates of graft rejec-
tion with this approach, in particular, when nonmatched sib-
ling donors are used [5,9]. Therefore, beginning in 2011, for
patients with these “graft-resistant” forms of SCID, the stan-
dard procedure at our center has been to administer busulfan,
pharmacokinetically targeted to achieve a low cumulative
exposure, plus agents designed to provide additional immu-
noablation when needed.

METHODS
Study Population

All patients who received low-exposure targeted busulfan from 2011 to
2017 at the University of California San Francisco (UCSF) were included in
this retrospective report. Patients included those with NK cell—positive SCID
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or leaky SCID, as defined by Primary Immunodeficiency Treatment Consor-
tium criteria [10], who either required a first HCT or a repeat HCT due to
rejection or poor immunity after the first HCT. The patient with a mutation in
BCL11B causing leaky SCID has been previously reported [11]. This retrospec-
tive evaluation was approved by the UCSF Institutional Review Board in
accordance with the Declaration of Helsinki.

Donors and Graft Manipulations

No patient in this report had an HLA-matched sibling donor. When an unre-
lated donor (URD) was identified, bone marrow was the preferred stem cell
source and was infused without manipulation, other than RBC or plasma deple-
tion as necessary. If a URD was not identified, a haploidentical parent was used
to donate granulocyte colony-stimulating factor—mobilized peripheral blood
stem cells that were CD34-selected using the CliniMACs Plus machine
(IND14442; Bergisch, Gladbach, Germany), as previously described [12,13].

Transplant Regimens

Initially, the standard procedure at UCSF was to administer busulfan
every 6 hours for 16 doses. Given the very low absolute doses and volumes of
busulfan administered to infants, the dosing was changed to every 12 hours
for 8 doses and subsequently to every 24 hours for 4 doses. The target busul-
fan exposure was a cumulative area under the curve of 30 mg-hr/L, chosen to
be 50% of the UCSF standard myeloablative target [14—16]. Two patients
received plerixafor (240 p.g/kg s.c.) 9 hours before each dose of busulfan in an
attempt to enhance clearance of stem cells.

If undergoing first HCT or repeat HCT from a new donor, patients with
any T cells were also administered fludarabine (160 mg/m? total dose for
URDs, 200 mg/m? total dose for haploidentical donors). Patients with NK cells
expected to mediate rejection (ie, in the setting of HLA-mismatched donors)
were also administered thiotepa (10 mg/kg total dose), given that fludarabine
has no reported efficacy against NK cells [17]. Serotherapy was also typically
administered, either thymoglobulin at 3.5 (T cell depleted) or 8 mg/kg (T cell
replete) total dose on days —4 to —1 or alemtuzumab at 1.5 mg/kg total dose
ondays —12 to —10.

Analysis of Engraftment and Immunologic Parameters

Donor chimerism was determined on bead-selected CD3*, CD19", and
CD14/15" cells using short tandem repeats markers, as previously described
[18]. The purity of cell subpopulations was determined by flow cytometry, and
the interassay variation was +1%. Lymphocyte subsets, including naive and
memory markers CD45RA" and CD45R0", were assessed by flow cytometry. T
cell function was assessed by response to phytohemagglutinin and reported as
a percentage of stimulated immunologically competent control CD45+ lym-
phocytes tested simultaneously (Mayo Medical Laboratories, Rochester, MN). T
cell receptor excision circles were measured in a research laboratory, as previ-
ously described [19]. Normal T cell reconstitution was defined as a CD4 count
>500 x 10°/L and CD4/CD45RA counts >200 x 10°/L [5]. Ig infusions were dis-
continued when IgM and IgA concentrations were within the normal range for
age and IgM isohemagglutinin titer(s) were at >1:8 dilution or normal class-
switched memory B cells (CD17*IgD"IgM ™) were observed. Ig infusions were
restarted if specific antibodies did not rise by 3-fold after vaccination or if the
patient experienced recurrent infections.

Definitions and Statistics

Events were repeat conditioned HCT or death. Sinusoidal obstruction
syndrome was diagnosed according to European Society for Blood and Mar-
row Transplantation criteria [20]. Mucositis was graded according to Com-
mon Terminology Criteria for Adverse Events v.5.0. Acute and chronic GVHD
were graded on standard Mount-Sinai Acute GVHD International Consortium
and National Institutes of Health criteria [21]. The medians and ranges of
each continuous measurement were described and compared between
groups in a univariate analysis with the Kruskal-Wallis test. Data were ana-
lyzed as of February 1, 2019.

RESULTS
Patient Characteristics

Ten patients (4 with typical and 6 with leaky SCID) received
low-exposure busulfan, 5 for first HCT and 5 for repeat HCT
(Table 1). The median age at time of HCT was 5 months (range,
2 to 108). Two of the repeat HCT patients were born before the
implementation of T cell receptor excision circles for newborn
screening. Four patients experienced severe viral or fungal
infections before HCT, and 3 were still actively infected at the
time of HCT. Four patients had idiopathic neutropenia (abso-
lute neutrophil count < .5 x 10°/L) before administration of
busulfan. Of the 5 patients receiving second or greater

transplant, 3 patients had transplacental maternally engrafted
T cells at initial diagnosis with maternal donors for first HCT, 1
patient (UPN 2046) had previously rejected 2 maternal haploi-
dentical grafts with serotherapy-only conditioning, and 1
patient (UPN 1799) had previously rejected a URD graft with
serotherapy-only conditioning.

Busulfan Dosing and Exposure

As seen in Table 2, the targeted busulfan exposure achieved
was a median of 29 mg-hr/L (range, 27 to 35). The median
cumulative dose required to achieve this narrow exposure
range was 5.9 mg/kg, with a wide dose range from 4.8 to
9.1 mg/kg, attributed to significant interpatient differences in
pharmacokinetics. Significant toxicities included 2 patients
with grade 3 oral mucositis and 3 patients with bacteremia
before day 100. There was 1 case of severe sinusoidal obstruc-
tion syndrome requiring defibrotide in a patient with prior
liver injury from maternal GVHD. There were no apparent dif-
ferences in short-term toxicities between patients who did or
did not receive thiotepa, although numbers are small.

Engraftment and T Cell Chimerism

Low-exposure busulfan led to an expected fall in the abso-
lute neutrophil count and subsequent recovery at a median of
16 days post-HCT (range, 14 to 23). In the first 100 days post-
HCT, patients required a median of 4 PRBC (range, 1 to 6) and 4
platelet (range, 0 to 10) transfusions. All patients had evidence
of donor engraftment post-HCT on whole blood chimerism. As
expected, in patients with minimal to no baseline production
of T cells, median donor T cell chimerism post-HCT started
high and continued throughout follow-up (Figure 1).

Myeloid and B Cell Chimerism

The median myeloid chimerism at day 30 (+7 days) was
96% (range, 59% to 100%) (Table 2, Figure 2). Three patients
had ongoing persistence of predominantly donor myeloid chi-
merism. One patient (UPN 1533), with significant bone mar-
row dysfunction pre-HCT attributed to a graft-versus-marrow
reaction from dysregulated transplacental —maternally
engrafted T cells, achieved 100% donor engraftment, which has
persisted until the most recent follow-up at 7.5 years post-
HCT. Two other patients had >80% myeloid chimerism at 1
year post-HCT. One patient (UPN 1835) had received 3 weeks
of ganciclovir for treatment of CMV viremia and the other
(UPN 2078, with unknown genotype) who was profoundly
neutropenic pre-HCT due to unknown causes required inter-
mittent granulocyte colony-stimulating factor for 7 weeks
before HCT.

In the remaining 7 patients, there was a significant fall in
myeloid chimerism between 2 and 4 months post-HCT, such
that by 1 year post-HCT the median myeloid chimerism of the
entire cohort was 14% (range, 2% to 100%) (Figure 1). As shown
in Figure 2, after 2 years post-HCT myeloid chimerism gener-
ally remained stable, except in 1 patient (UPN 1835), suggest-
ing that long-term monitoring of lineage-specific chimerism
may be necessary. At the last follow-up, 6 patients had <10%
(range, 3% to 8%) donor myeloid chimerism. Four patients who
underwent haploidentical HCT (including thiotepa as part of
conditioning) had myeloid chimerism at 1 year post-HCT of 7%,
14%, 86%, and 99%, respectively, whereas the 6 patients who
did not receive thiotepa had myeloid chimerism at 1 year post-
HCT of 1%, 2%, 9%, 11%, 32%, and 100%, respectively.

Two patients had marrow obtained for clinical reasons,
allowing assessment of bone marrow chimerism. At 3 months
post-HCT, 1 patient (UPN 1713) had 52% donor chimerism in



Table 1

Baseline Patient Characteristics

UPN

Transplant # (prior
conditioning)

Age at HCT

Sex

Race | Ethnicity

Mutation

D3
(x10%6/L)

CD4
(x10%6/L)

cD4/
CD45RA (%)

D8
(x1076/L)

D19
(x10%6/L)

CD16/56
(x10%6.L)

PHA

ANC
(x10"6/L)

Pre-HCT Infection

1533

10 mo

Caucasian

IL2RG
(c.868G>A)"

869*

404

2%

273

51

81

ND

440

PCP (pre-NBS)

1713

9yo

Native American

DCLRE1IC
(c.597C>A,
homozygous)'

324"

195

0%

140

66

85%

750

Noro (NBS)

1740

3 mo

Hispanic

RAG1
(c.1420C>T;
¢.1267T>C)

166

116

3%

33

183

1262

470

None (NBS)

1799

2
(aCD52)

6 mo

Hispanic

BCL11B
(c.1323T>G)

27

13

17%

958

306

37%

3830

None (NBS)

1835

1

2.5mo

Caucasian

RAG1
(c.2258A>T;
2522G>A))

110

92

0%

18

156

635

19%

3210

CMV (NBS)

1837

4 mo

Caucasian

RAG2
(c.1583A>G;
€104G>C)

46

32

33%

13

135

100%

1550

None (NBS)

1875

(None)

13 mo

Native American

DCLRE1IC
(c.597C>A,
homozygous)'

447

36

3%

130

1610

Noro (pre-NBS)

1947

3 mo

Hispanic

RAG1
(c.1210C>T;
.2867T>C)

67

50

16%

17

409

12%

150

None (NBS)

2046

3
(None; rATG)

6 mo

Native American

DCLRE1C
(C.597C=A,
homozygous)'

202

970

None (NBS)

2078

1

4 mo

M

Hispanic

Unknown?

128

115

17%

0

819

205

70%

280"

None (NBS)

UPN, Unique Patient Number; PHA, phytohemagglutinin; ANC, absolute neutrophil count; Flu, Fludarabine; aCD52, Alemtuzumab; rATG, Rabbit Anti-Thymocyte Globulin; CMV, cytomegalovirus; NBS, newborn screening; PCP, Pneumo-

cystis carinii pneumonia; Noro, Norovirus.
*Transplacental Maternal Engraftment noted.
"0n granulocyte colony-stimulating factor pre-HCT.
Typical SCID (per Primary Immunodeficiency Treatment Consortium definitions).
2Whole Genome Sequencing pending.
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the CD34" cell fraction, higher than the 33% donor CD14/15
chimerism noted in simultaneous peripheral blood. At 10
months post-HCT, 1 patient (UPN 1875) had only 2% donor chi-
merism in the CD34" bone marrow cell fraction, corresponding
closely to the 1% donor CD14/15 chimerism noted in peripheral
blood.

As shown in Figure 1, median B cell chimerism started high
and generally remained so. However, in 2 patients with base-
line autologous B cells (UPN 1740 and UPN 1799) and low
post-HCT myeloid chimerism, there was evidence of significant
host B cells (only 17% and 3% donor, respectively) by 2 years
post-HCT. Complete details on chimerism up to 2 years post-
HCT can be found in Supplementary Table 1.

Autoimmunity
(time to event)

(3.2 yrs)
Thyroiditis
(3.1 yrs)

None
None
(0.8 yrs)

cAUC, Cumulative Area Under the Curve; Flu, Fludarabine; TT, Thiotepa; rATG, Rabbit Anti-Thymocyte Globulin; aCD52, Alemtuzumab’ PBSC, Peripheral Blood Stem Cells; BM, Bone Marrow; URD, Unrelated Donor; GVHD, Graft-versus-

Host Disease; CSA, Cyclosporine; MTX, Methotrexate; SOS, Sinusoidal Obstruction Syndrome; ANC, Absolute Neutrophil Count; AIHA, Autoimmune Hemolytic Anemia.

None
None
None
None
Myositis
None
AIHA

Acute GVHD
Grade

IV (Skin, Gut,
Liver)

None

None

None

None

None

11 (Skin)
None

None

None

GVHD and Autoimmunity

Grades II to IV acute GVHD was seen in 2 patients. There
were no cases of chronic GVHD. Three patients developed B
cell-mediated autoimmunity at 9, 37, and 38 months
post-HCT. Therefore, 50% of patients required immunosup-
pressive therapy at some point post-HCT (Table 2).

Myeloid Chimerism

at Day 30
100%
85%

59%

99%

98%
100%

70%
91%

80%
98%

Immune Reconstitution and Survival

As shown in Figure 3A-C, the median CD4, CD4/CD45RA,
and CD8 counts at 6 months post-HCT were 573 x 106/L
(range, 17 to 1220), 250 x 10°/L (range, 0 to 537), and
643 x 105/L (range, 11 to 1102), respectively. CD4 and CD4/
CD45RA counts continued to rise at 12 months and time of last
follow-up, whereas CD8 numbers tended to stabilize after 6
months (Table 3). There was no apparent difference in median
CD4 counts between those who did or did not receive thiotepa
(6-month median, 799 versus 437 x 10°/L [P = .4]; 12 months
median, 910 versus 1104 x 10°/L [P = .82]; last follow-up, 818
versus 1092 x 105/L [P = .68]), although numbers are small.

At 6 and 12 months post-HCT 60% and 70% of patients,
respectively, had full T cell reconstitution. Of the 3 patients
without T cell reconstitution, 1 patient (UPN 1875) under-
went a third HCT from a new URD at 10.5 months post-HCT
due to continued poor immunity. Another subject (UPN 1713)
experienced late improvement in T cell reconstitution and
significant improvement in his severe norovirus-related diar-
rhea. Both patients were >12 months old at the time of HCT.
One patient with an unknown genotype (UPN 2078) did not
recover T cells at 2 years post-HCT, albeit in the setting of
ongoing immunosuppressive treatment for autoimmune
hemolytic anemia.

As shown in Figure 3D, the median CD19 count at 6 months
was 235 x 108/L (range, 6 to 2644), with falling median counts
at 12 months (103 x 108/L; range, 34 to 1636) and at time of
last follow-up (98 x 10%/L; range, 21 to 1122). Furthermore, in
patients with baseline pre-HCT presence of B cells, the median
final B cell numbers were 431 x 10°/L (range, 33 to 1122) com-
pared with 86 x 10°/L (range, 21 to 112) in those with baseline
absence of B cells (P = .16), suggesting that in patients with
mixed myeloid and B cell chimerism, final B cell count may
partly depend on residual endogenous B cell production.

Six patients recovered B cell immunity at a median of
.9 years post-HCT (range, .6 to 1.7), and 1 additional patient
eventually recovered B cells after repeat HCT. The median
myeloid chimerism for the 6 patients with B cell reconstitution
was 7% (range, 3% to 100%), 3 of whom have RAG or DCLRE1C
mutations. One patient (UPN 1799) had a mutation in BCL11B,
in which host B cells may not be defective [11]. Three patients
remain on Ig at last follow-up, 2 of whom received rituximab
for treatment of B cell-mediated autoimmunity. With a
median of 4.8 years of follow-up (range, 2.0 to 7.8), all patients

ANC Recovery
(Day post BMT)

16
23
16
16
15
19
14
17
15
15

Significant
Toxicities

S

None
Mucositis
Mucositis
None

None
Bacteremia
None
Bacteremia
Bacteremia

Prophylaxis
CSA/MTX
CD34-Selection
CSA/MTX
CSA/MTX
CD34-Selection
CSA/MTX
CD34-Selection
CD34-Selection
CD34-Selection
CD34-Selection

GVHD

Donor & Stem Cell Source

9/10 URD BM'
7/10 Mother PBSC?

9/10 URD BM
10/10 URD BM?
7/12 Father PBSC
10/10 URD BM
5/10 Mother PBSC?
6/12 Mother PBSC
6/10 Father PBSC'
6/12 Father PBSC

Flu(160) + rATG(8)

Flu(200) +TT
TT(10) + rATG(3.5)

Flu(160) +aCD52
Flu(200) +TT

Flu(160) + aCD52
(1.5)

Flu(160) + aCD52
(1.5)

(1.5)
(10)+rATG(3.5)

Other Agents
Plerixafor

(10) + rATG(3.5)
Plerixafor
Flu(200) +TT
(10) +rATG(3.5)

Cumulative Busulfan

Dose (mg/kg)
9.1 (8 doses)
4.8 (8 doses)
8.1 (8 doses)
5.8 (16 doses)
7.2 (16 doses)
7.0 (8 doses)
5.6 (8 doses)
5.1 (8 doses)
4.9 (4 doses)
5.9 (4 doses)

Busulfan cAUC
(mg*hr/L)

31
29
29
35
27
30
29
35
29
29

1533

1713

1740

1799

1835

1837

1875

1947

2046

"New Donor.
2 Original Donor.

UPN
2078

Transplant Characteristics and Clinical Outcomes
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Figure 1. Median whole blood and lineage-specific donor chimerism after low-exposure busulfan.

are alive for an estimated 2-year event-free survival of 90%
(95% confidence interval, 57% to 99%) and overall survival of
100% (95% confidence interval, 68% to 100%).

DISCUSSION

This retrospective report of low-exposure busulfan (cumu-
lative area under the curve, 30 mg-hr/L) demonstrates that
most patients experience significant autologous reconstitution

of their marrow and only a small fraction of donor stem cells
(as measured by blood myeloid chimerism) are required to
restore functional long-term donor B cells in most patients.
These data underscore the importance of careful monitoring of
busulfan exposure in very young children, because drastically
different doses (approximately 2-fold) were required to
achieve comparable exposure, likely due to rapid changes in
physiologic processes and maturation of liver metabolism in
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Figure 2. Individual patient-level long-term myeloid chimerism after low-exposure busulfan.
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Figure 3. Immune reconstitution over time in CD4" T cells (A), CD8" T cells (B), CD4/CD45RA" naive T cells (C), and CD19" B cells (D).

the first year of life as well as genetic variations in metabolic
enzymes [15]. These data also demonstrate that busulfan dose
does not adequately describe conditioning intensity and iden-
tifies the limitations of the current Center for International
Blood and Marrow Transplant Research criteria for defining the
intensity of a conditioning regimen [22]. Despite equivalent
exposure throughout the cohort, 2 of 10 patients had total
busulfan dosing > 8.0 mg/kg, classifying them per Center for
International Blood and Marrow Transplant Research criteria as
receiving “myeloablative conditioning.” This supports the deci-
sion of the Primary Immunodeficiency Treatment Consortium
to apply an alternate definition of dose intensity for myeloabla-
tion (>12 mg/kg total dose) [4,5]. This variability in exposure
with a given dose also has implications beyond allogeneic HCT,
becasue many gene therapy trials also use low-dose busulfan to
open bone marrow niches for engraftment of gene-corrected
cells [23].

As demonstrated by high levels of donor myeloid chime-
rism early post-HCT, low-exposure busulfan appears to effec-
tively facilitate engraftment of committed myeloid
progenitors. However, in most patients, between 2 and 4
months post-HCT there is a significant fall in donor myeloid
chimerism. This suggests that low-exposure busulfan opens up
a small number of marrow stem cell niches. One patient with
significant pre-HCT marrow dysfunction achieved sustained
100% donor engraftment in the setting of severe acute GVHD,
whereas 2 additional patients have had relatively stable mye-
loid chimerism of >80% at 2 and 5 years of follow-up. Most
patients treated with this regimen stabilize with 3% to 10%
long-term myeloid chimerism, which generally proved suffi-
cient to restore B cell immunity and thereby prevent the long-
term burden and costs of Ig replacement.

These data also suggest a potentially minimal contribution
of thiotepa to the degree of myeloablation. This is supported



Table 3

Immune Reconstitution at 6 months, 12 months, and Last Follow Up
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Bolded indicates a value considered to be ‘normal’ per institutional definition (see text).

Received rituximab for treatment of autoimmunity.
*Underwent repeat conditioned HCT from a new donor and is now 100% donor in all cell lines with normal T and B cell numbers & function at 2.9 years from most recent HCT.

TRECs, T cell receptor excision circles; IVIG, Intravenous Immunoglobulin; NR, Not Reached; ND, Not Done.

by mouse models which demonstrate that although thiotepa
improves allogeneic stem cell engraftment due to its immu-
noablative properties against T cells and NK cells, it has rela-
tively limited effect against host primitive stem cells [24]. The
ongoing C-SIDE trial (NCT03619551), which is comparing 2 dif-
ferent dose exposures of busulfan, may help determine the
contribution of thiotepa to myeloid engraftment and toxicities,
as patients with IL2RG or JAK3 mutations will only get busulfan,
whereas those with RAG1/2 mutations will also receive thio-
tepa. The use of filgrastim and plerixafor before conventional-
dosed conditioning has been reported to improve myeloid chi-
merism [25,26]; however, it is difficult to determine from
these limited data whether plerixafor alone played any role in
augmenting the effect of low-exposure busulfan, especially as
1 of 2 recipients of plerixafor was the patient ultimately with
the poorest level of chimerism.

As long as they are not rejected, donor T cells will develop
in a SCID patient even in the absence of any bone marrow
engraftment, possibly from engraftment of long-term progeni-
tors in the thymus [27]. However, in the absence of a graft-
versus-marrow effect, space-making conditioning is required
to achieve a bone marrow graft capable of producing func-
tional donor B cells. Perhaps due to a selective advantage for
the lymphocytes derived from a normal stem cell, it appears
that only a small fraction of donor stem cells, in the range of
3% to 5%, may be sufficient to restore functional donor B cells
in most patients, although additional studies are required to
definitively determine the threshold amount. In contrast, other
nonmalignant diseases typically require much higher levels of
myeloid chimerism for clinical resolution of disease. For exam-
ple, whole blood chimerism of >20% to 30% is protective
against reactivation in patients with hemophagocytic lympho-
histiocytosis [28], 20% donor myeloid chimerism is necessary
to reverse the symptoms of sickle cell anemia [29], and as low
as 10% may be sufficient for correcting thalassemia [30]. There-
fore, patients with SCID represent optimal candidates for test-
ing of novel approaches to facilitating engraftment of low
amounts of stable donor myeloid engraftment, such as anti-
bodies targeting CD45 or CD117 [23]. However, we also note
that not all patients with levels of donor myeloid chimerism
expected to be sufficient are guaranteed to have full T and B
cell reconstitution. Possible hypotheses for this finding include
alloreactive bone marrow dysfunction or thymic defects.

Although it appears that SCID infants can be effectively
reconstituted using significantly reduced alkylator exposure, a
potential downside is that mixed myeloid chimerism may pre-
dispose to the development of autoimmunity, especially in
recipients of mismatched donors. This has previously been
reported in post-HCT patients with Wiskott-Aldrich syndrome
[31]. Wiskott-Aldrich syndrome carries a baseline risk of auto-
immunity, and post-HCT autoimmunity in SCID patients may
potentially be genotype dependent, as 2 of our 3 cases were in
patients with mutations in RAG, which also carries a baseline
risk of autoimmunity [32], and the third was in a patient of
unknown genotype.

This report is limited by small numbers of patients, mixed
molecular subtypes of SCID, and differing stem cell sources.
However, we demonstrate that with precise targeting of busul-
fan, even low cumulative exposure accomplished multilineage
engraftment and full immune reconstitution in patients with
SCID. Remarkably, the long-term myeloid chimerism with this
approach was extremely variable (ranging from 1% to 100%).
This suggests that other factors, including the baseline health
of the marrow, administration of secondary agents (eg, thio-
tepa or plerixafor), degree of donor matching, and post-HCT
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alloreactivity, all may play important roles in determining the
degree of long-term bone marrow hematopoietic stem cell
engraftment. The ongoing C-SIDE trial will help further clarify
the role of low-exposure busulfan in establishing the minimal
threshold of myeloid chimerism required to guarantee com-
plete T and B cell reconstitution for patients with SCID.
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