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Abstract

Objective—To determine long term health benefits of non-ablative bone marrow transplantation
for severe combined immunodeficiency (SCID), we investigated our cohort of 161 related donor
bone marrow transplanted SCID patients. Only 16 (10%) had HLA-identical donors.

Study design—All 124 survivors were sent questionnaires about their current clinical statuses.
Details from clinic visits were also compiled. One hundred eleven patients (90%) were reached. We
compared outcomes of patients transplanted before and after 3.5 months of life and by molecular
defect.

Results—The overall survival rate is 77%, but the rate for the 48 infants transplanted in the first
3.5 months of life is 94%, compared with 70% for the 113 transplanted after 3.5 months (p=0.002).
Twenty-eight (76%) of the 37 deceased patients died from viral infections present at diagnosis. One
or more clinical problems were reported to have been present in the past two years in 71 (64%) of
the survivors, although 95 (86%) are considered healthy by their families.

Conclusions—Most patients with SCID transplanted with related donor marrow without pre-
transplant chemotherapy have done well long-term, but those transplanted at <3.5 months of age had
a superior survival rate, a lower rate of clinical problems, less need for booster transplants and better
nutritional status.

Severe combined immunodeficiency (SCID) is a syndrome characterized by profound
deficiencies in T- and B-lymphocytes and, in some cases, NK cell function.! The disease is
universally fatal in the first two years of life without immune reconstitution by hematopoietic
stem cell transplantation or by gene therapy. Ideally, stem cells are obtained from HLA-
identical siblings. When this is not an option, rigorously T-lymphocyte depleted haploidentical
(half-matched) parental marrow can be successful in effecting immune reconstitution.l: 2 In
either case, such transplants can be performed without pre-transplant chemotherapy, because
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the infants do not have T-lymphocytes and thus cannot reject the transplanted cells. When
rigorous T-lymphocyte depletion of transplant is used, the need for post-transplantation against
graft verus host disease (GVHD) prophylaxis also is avoided. Infants transplanted with T-
lymphocyte-depleted marrow typically develop circulating T-lymphocytes of donor origin that
are phenotypically and functionally normal by 90 to 120 days after transplantation.3

There have been several reports on the long term immunologic outcomes of patients with SCID
but few have addressed the long term clinical outcome of these patients. Borghans et al reported
an increased incidence of infections and autoimmune disorders late after transplantation.*
Honig et al® reported that SCID patients with adenosine deaminase deficiency had a high
incidence of CNS complications such as mental retardation, motor dysfunction, and
sensorineural hearing deficits. Mazzolari et al® and Slatter et al” analyzed the long-term follow
up of 36 and 40 patients, respectively, with severe T-lymphocyte immunodeficiency. These
groups found relatively high incidences of endocrine, autoimmune and behavioral problems,
as well as human papilloma virus infections post-transplantation. Neven et al 8 reported the
long term outcomes of 90 surviving patients with SCID from 149 transplanted in Paris, France
from 1972 to 2004. Overall survival was 63%. Chronic GVHD was found in 11%, 13% had
autoimmune or inflammatory complications, and 26% had HPV infections, 9 cases of which
were severe. Of 105 children with primary immunodeficiency after transplantation, there was
an increased risk of long term cognitive difficulties and associated emotional and behavioral
difficulties, particularly in those with ADA-deficient SCIDs.2 All six of these reporting groups
followed patients who had received pre-transplant chemotherapy and post-transplant GVHD
prophylaxis. Only one longterm follow-up study has been reported on non-conditioned bone
marrow transplants in SCID infants and, in that study, 15 of 25 (60%) recipients were surviving
from 10 to 26 years post-transplantation.1? We sought to determine the long-term clinical
outcome in our cohort of 161 bone marrow transplanted SCID patients who did not receive
pre-transplant chemotherapy or post-transplant GVHD prophylaxis, some of whom are in their
third decade post-transplantation. We have previously reported that stem cell transplantation
for SCID in the neonatal period leads to superior thymic output, earlier immune function and
improved survival.1l We therefore compared the clinical outcome of patients transplanted
before 3.5 months of age with that in those transplanted after 3.5 months of life. We also
compared the clinical outcome of the patients based on their molecular defect. The longterm
immunologic reconstitution of this large group of patients is reported elsewhere.12

We analyzed data on 161 consecutive patients with SCID who received bone marrow
transplants at Duke University Medical Center, Department of Pediatrics, Division of Allergy
and Immunology, from May 19, 1982, to August 15, 2008. One hundred forty-five of these
patients received rigorously T-lymphocyte depleted haploidentical parental marrow, and
sixteen received HLA identical related marrow. No patient received pre-transplant
chemotherapy or post-transplant GVHD prophylaxis. Donor marrow was depleted of T cells
by agglutination with soybean lectin and two cycles of rosetting with sheep erythrocytes treated
with aminoethylisothiuronium bromide, as previously described.3

All 124 survivors and their families were sent a detailed questionnaire (Appendix; available at
www.jpeds.com) about their current clinical statuses. The patients were followed with phone
calls if the questionnaires were not returned. One hundred eleven patients (90%) were reached
for follow up evaluation. Table I outlines the demographics of this group. Eighty-two of the
111 patients whose families completed the questionnaire (Appendix) were also seen in the
clinic for follow up in the two year period before the study ended. During the follow up
evaluation, clinical validity was sought to assess the accuracy of the responses to the
questionnaire. Of the 29 patients whose families only completed the questionnaire, four were
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reached by telephone. Time was spent discussing the questionnaire and the answers given.
Minor additions were made in 2 patients, but no changes in the answers to the questions were
needed.

Statistical analysis

Patient survival was analyzed by means of Kaplan-Meier survival curves and 8-year survival
rates were calculated. Survival between patients transplanted before 3.5 months of life and
those transplanted after 3.5 months of life was compared using the log-rank test. Comparison
of these two groups with respect to other clinical outcomes was performed using the 2 test
and Fisher test. Relationship between survival and age of transplant as a continuous variable
was analyzed using the Cox proportional hazards regression model. In all analyses, a p-
value<0.05 was considered statistically significant.

The overall survival of the entire cohort of 161 patients is 77% (Figure 1). The survival rate
for those who received haploidentical transplants is 75%, and 100% of the 16 who received
HLA identical related transplants survive. Twenty-eight or 25% percent of the entire cohort of
161 patients required one or more booster transplants. Four of the patients underwent gene
therapy elsewhere (2 with ADA-deficiency in Italy,13 2 with ycDef SCID at the NIH4). Gene
therapy was successful in three of the four but unsuccessful in one ycDef patient who
subsequently received a matched unrelated donor (MUD) transplant following reduced
intensity conditioning. Four ADA-deficient patients are currently receiving polyethylene
glycol modified bovine adenosine-deaminase (PEG-ADA), and one received a MUD bone
marrow transplant elsewhere. One Artemis-deficient patient received a MUD bone marrow
transplant elsewhere. The length of follow up ranged from 6 months to 26 years post-
transplantation (median follow up 8.7 years, 25t percentile 2.9 years, 75 percentile 14.1
years). Median follow up time was 9.2 years (25! percentile 5.0 years, 75" percentile 13.4
years) for patients who received their transplants in the first 3.5 months of life, compared with
8.5 years (25! percentile 2.3 years, 75" percentile 14.9 years) for patients who were
transplanted after 3.5 months of age. Survival was superior (8-year Kaplan-Meier survival
96%, 95% CI: 84%-99%) in the 48 patients who received their transplants in the first 3.5
months of life, only 3 of whom failed to survive. By contrast, 8-year Kaplan-Meier survival
was only 70% (95% CI: 60%—77%) in the 113 who were transplanted after 3.5 months of age.
This difference in survival is statistically significant with a log rank p value of 0.0017. Patients
transplanted after 3.5 months of life have a lower survival rate (p-value=0.0049), with a hazard
ratio of 1.032 per 10-day increase in age at transplant (95% CI: 1.010-1.056)

Thirty-seven of the entire cohort of 161 patients have died, with 22 succumbing in the first
year and 13 more between 1 and 5 years post-transplantation. There were two late deaths; one
was a patient with SCID and ADA-deficiency being treated with PEG-ADA who died at age
18 years with pulmonary hypertension. The second was a patient with X-linked SCID who
required IGIV, was non-compliant with medications and died of lung disease. Twenty-eight
(75%) died from viral infections present at the time of diagnosis that continued chronically.
Eight died of cytomegalovirus infection, 8 more with adenovirus infection, 6 with EBV
lymphoproliferative disease, 4 with enterovirus infections, 3 with parainfluenza 3 infection, 2
with varicella, 1 with herpes simplex infection and 1 with RSV infection. Some had more than
one viral infection. Four died of pulmonary disease, 2 from Candida bloodstream infection, 1
from an unrelated mitochondrial defect, 1 with the nephrotic syndrome following
chemotherapy given prior to referral, and 1 of venocclusive disease. No patient died of graft-
versus-host disease.
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Of the 124 survivors, 111 (90%) could be reached for clinical follow up. The demographics of
the group are presented in Table I. Almost one-half of patients had SCID due to mutations in
the gene encoding the common gamma chain (an X-linked disorder). One patient had SCID of
unknown molecular cause.

Overall, most patients reported in this follow up study are doing well clinically (Figures 2 and
3; available at www.jpeds.com). Ninety-five (86%) of the 111 patients are considered by their
family to be healthy. Replacement immunoglobulin intravenous (IGIV) is being administered
to 64 (58%) of the 111 patients, and standing antibiotics are given to 30 (27%) of the 111
patients. The latter includes 21 patients recently transplanted who continue to receive
Pneumocystis prophylaxis. Forty (36%) of the 111 patients reported no health problems in the
past two years. Others reported sinusitis (20%) or otitis media (5%) as their only clinical
problem over the past two years. Pneumonia was reported in 8%. One patient developed
cryptococcal osteomyelitis that was successfully treated. Asthma was reported in 14% of the
patients. Autoimmune manifestations are rare in this cohort of patients. Only two patients (2%
of population) experience intermittent hemolytic anemia, and one of these patients also has
intermittent thrombocytopenia with associated anti-platelet antibodies. Endocrine
abnormalities also are unusual. Four patients have hypothyroidism, which was congenital in
these patients. Serious neurologic problems are also rare in our population. Eleven (10%) of
the 111 patients have developmental delay. Only 2% of the patients have a seizure disorder.
Cerebral palsy is present in 2%, and 21% of the patients have ADHD.

Gastrointestinal manifestations include 14% with diarrhea and 6% with GERD. Oral aversion
is present in 5% of the population.. Two patients underwent successful liver transplantion: one
an ADA-deficient SCID with a life-long hepatitis C infection, and one an IL7Ra-deficient
SCID who had acute GVHD after a maternal T-lymphocyte-depleted marrow graft but received
amaternal segmental liver transplant and is now healthy and receiving no immunosuppression.
Skin problems include 25% with persistent rashes, with 12% of the population having human
papilloma virus (HPV) infection in the past two years. Molluscum and tinea also contribute to
a significant proportion of these rashes. The HPV, tinea and molluscum in the vast majority of
patients are intermittent but tend to recur. One patient has a severe problem with persistent
HPV infection. GVHD limited to the skin is present in four patients. The rash is chronic in
only two of the patients. One patient with X-linked SCID also has eosinophilic fasciitis.

A majority of the patients have had satisfactory growth and development after transplantation.
Only 13 (12%) of the 111 patients are currently below the 3" percentile in weight and height.
Only 3% of the population requires special schooling. Ten of the patients have graduated from
or are attending college, with one currently in medical school and another in graduate school.
Two males and one female have parented healthy children.

Of the 71 patients with health problems, 40 had two or fewer problems, and 31 had more than
two problems. Sixteen of these patients had more than three problems and were the only patients
in the follow-up cohort of 111 patients not considered healthy by their families.

Twenty-five patients reached for follow up had required booster transplants. Of the 16 patients
considered not healthy by their families, 10 required booster transplants because of poor T-
lymphocyte function. The other 15 patients who required boosters are doing well and
considered healthy. Six patients who are not considered healthy did not receive booster
transplants. Two are receiving PEG-ADA. Two others have good T-lymphocyte function, but
have other problems that are not thought to be due to their transplants. Two others received
their first transplants less than six months ago.

The clinical outcome for patients transplanted in the first 3.5 months of life (early) was superior
to that of those transplanted after 3.5 months of life (late) (Figure 2). Need for booster
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transplants also was related to age at transplant (Fisher exact test p-value=0.018). Only 10%
of the patients transplanted early required booster transplants, whereas 34% of those
transplanted late required boosters. No clinical problems in the previous two years were
reported in 49% of the patients transplanted early versus 29% in those transplanted late (x2 p-
value=0.037). Episodes of sinusitis, pneumonia and asthma were similar among the two groups,
as was the use of antibiotics. More patients transplanted late experienced problems with
diarrhea, oral aversion, and persistent rashes including HPV, and ADHD although these
differences were not statistically significant. A discrepancy is also noted in the growth
percentiles. Only 5% of the patients transplanted early are less than the 3" percentile for height
compared with 17% of those transplanted late (difference not significant), and 2% of those
transplanted early compared with 17% of those transplanted late (Fisher exact test p-
value=0.029) are less that the 3™ percentile for weight.

The clinical outcome differed among groups of patients with SCID with different molecular
defects (Table I1). Overall, patients with X-linked SCID, IL-7 receptor alpha chain deficiency,
JAKS deficiency and CD3 chain deficiencies had the best clinical outcomes, and the vast
majority are considered healthy by their families.. Survival was highest in patients with RAG
mutations, JAK3 deficiency and CD3 chain deficiency. The need for booster transplantation
was highest in patients with RAG mutations, followed by those with CD3 chain and JAK3
deficiency. Only 22% of patients with X linked SCID required a booster transplant. The
majority of patients with X-linked SCID, ARSCID, and RAG deficiency require IGIV
replacement, and only 27% of patients with IL-7 receptor alpha chain deficiency require IGIV.
Clinically, 67% of patients with IL-7 receptor alpha chain deficiency report no problems in the
past two years. This is in contrast to only 13% of patients with ADA deficiency and 17% of
patients with RAG mutations who have no problems. Hypothyroidism, autoimmune disease,
and developmental delay are more common in patients with ADA deficiency and RAG
mutations. The highest percentage of ADHD was found in patients with ADA deficiency. HPV
infection is most common in patients with X-linked SCID.

DISCUSSION

Our study isa long-term clinical follow-up of patients with SCID transplanted at a single center.
The unique aspects of this patient population are that only 16 infants had transplant from HLA-
identical donors, the rest received rigorously T-lymphocyte depleted haploidentical parental
bone marrow, and the transplants were done without pre-transplant chemoablation or post-
transplant prophylaxis for GVHD. One hundred eleven patients (90%) were reached for follow-
up from 6 months to 26 years after transplantation. Overall, most patients are doing well
clinically. Only 16 patients are considered not healthy by their families, having more than three
health problems. The clinical problems reported as occurring in greater than 10 % of the
survivors included: persistent rashes in 25%, ADHD in 21%, sinusitis in 20%, asthma in 14%,
diarrhea in 14%, warts in 12% and height and weight below the 3 percentile in 12%. Because
a subgroup of these patients has not done well, all children with SCID should have lifelong,
careful follow up by immunologic and clinical monitoring to detect complications.

There are well validated health-related quality of life questionnaires available. However, these
questionnaires are not disease specific. We developed a SCID-specific questionnaire that based
on problems identical in our clinic and other problems reported in the literature in relation to
long term outcome in SCID. The questionnaire was not validated, nor were quality of life
measures formally assessed. It is possible that the wording of the questions could have resulted
in biased responses, but the questions were worded as simple yes/no answers to a variety of
clinical issues, may make that less likely. The question of the child’s overall health relates to
the parent’s perception of how the child is faring in life. The vast majority of our patients’
parents perceive their children as healthy despite the problems they face.
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Outcome varied considerably based on age at transplant. Those patients transplanted before
3.5 months of age had better long term outcomes than those transplanted after 3.5 months of
age. Survival was significantly higher in those patients transplanted early. This suggests that
the thymus does not have the ability to mature stem cells as well in older infants with SCID
when compared with this ability in the younger infants, possibly as a result of viral infections.
Most patients transplanted after 3.5 months of life already have had one or more persistent
viral infections that led to the diagnosis of SCID. Other clinical problems such as
developmental delay, diarrhea, ADHD, and failure to thrive as well as need for booster
transplants were significantly lower in the patients transplanted early. This emphasizes the
critical need for newborn screening for SCID. If all patients with SCID could be diagnosed
shortly after birth, the outcome would be far superior to the current state with most patients
diagnosed after a serious viral illness.1!

Outcome also varied based on molecular defect. Patients with defects in the common gamma
chain, IL-7 receptor alpha, and JAK3 did best clinically, and those with defects in ADA and
RAG genes fared worst. ADA deficient patients in our cohort had an increased incidence of
neurological problems such as developmental delay and ADHD compared with the patients
with SCID of other molecular types. Honig et al followed the long term clinical outcome of
12 patients with ADA deficiency, 7 of whom received HLA-identical transplants without
conditioning.® Half of their patients had severe neurologic abnormalities and required special
schooling. Four patients (33%) had hyperactivity. Four of our 16 patients with ADA deficiency
(25%) have developmental delay, with 2 patients having only mild delay. Only two patients
require special schooling. There are also increased incidences of hypothyroidism and
autoimmune disease in our patients with SCID due to ADA deficiency and RAG mutations.
However, these problems are infrequent, and the hypothyroidism was congenital in 3 of our 4
cases.

Mazzolari et al report endocrine abnormalities in 17.5% of their cohort of 40 patients.® Growth
insufficiency (17.5%) and short stature (12.5%) also were more common in that cohort. A
report by Slatter et al notes a 10.8% incidence of thyroid dysfunction after bone marrow
transplantation for primary immunodeficiency in their cohort of 83 patients.1> The higher
percentages of endocrine abnormalities and growth insufficiency in those two patient
populations likely reflect the use of chemotherapeutic agents which are known to cause
endocrine abnormalities and growth insufficiency.

Most of our patients with ADA deficiency and RAG mutation survive despite the high
percentage of problems that they face. Eighty-six percent of our patients with RAG deficiency
and 78% with ADA deficiency are alive. This is in contrast to 35% survival in a large European
cohort of 56 patients with B-lymphocyte negative SCID (B~SCID).16 Gennery et all’ reported
that 3 of their 5 patients (60%) with B~SCID survived, but only one had full engraftment after
first bone marrow transplant. Antoine et al examined the long-term survival of patients with
SCID in Europe and found that patients with ADA deficiency had an 81% three year survival
for HLA-matched transplants and a 29% 3-year survival for HLA-mismatched transplants.18
B~SCID was associated with lower survival in the latter study and our study reveals that there
are also more clinical problems in those who do survive. These comparisons, however, are
limited by the relatively small numbers of patients in each report, the heterogeneity of the
groups and conditioning done, and also the lack of genotyping information. The use of
chemotherapy in the European cohort may account for the lower survival in their patients, as
this can be harmful in patients who have existing viral infection.

Although 58% of our patients require IGIV replacement, the percentage requiring it varies
based on molecular defect. Only 27% of the patients with IL-7 receptor alpha deficient require
IGIV, and 83% of patients with RAG deficiency and 72% of patients with X-linked SCID
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require replacement. It has been suggested that this high IGIV requirement is due to lack of
conditioning resulting in lack of donor B-lymphocyte engraftment. However, we find donor
B-lymphocyte engraftment in approximately one-third of our patients with X-linked SCID
despite the lack of conditioning.2 19 In addition, IGIV is required in some percentage of patients
from reported cohorts who received conditioning prior to transplant, albeit in lower percentages
than ours. Stephan et al2% and Haddad et al?! reported that 35% and 45% of survivors,
respectively, required immunoglobulin substitution despite conditioning. Clearly, conditioning
does not always result in B-lymphocyte function, and the associated risks may not justify the
chance to achieve normal B-lymphocyte function.

Altogether, our study shows that most patients with SCID transplanted with rigorously T-
lymphocyte depleted haploidentical parental marrow without pre-transplant chemotherapy or
post-transplant GVHD prophylaxis do well long-term. Most have normal childhoods, attend
regular school, and experience normal childhood illnesses without difficulty. However, in view
of the superior survival rate, the lower rate of clinical problems, the lower number requiring
booster transplants and the better nutritional status of those transplanted early in life, the
outcome of all patients with SCID would be improved significantly if all could be detected by
newborn screening before they are exposed to common viral pathogens.

Supplementary Material
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Figure 1.

Kaplan Meier survival curve for all 161 patients with SCID transplanted over a 26 year period.
Twenty-two of the patients died in the first year and 13 more between 1 and 5 years post-
transplantation, and 28 (75%) of the 37 patients who died succumbed to viral infections present
at the time of transplant.
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Figure 2.

A comparison of clinical features reported as percentages of 41 surviving patients with SCID
who were transplanted prior to 3.5 months of age with the same features reported as percentages
of 70 surviving patients with SCID who were transplanted after 3.5 months of age and followed
long-term for up to 26 years after transplantation.
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Table 1
Demographics of 111 patients with SCID Followed Long-term

Page 11

Sex

Male

Female

Race or Ethnicity
Caucasian
African-American
Hispanic

American Indian

Asian

Arabic

Molecular Type of SCID
X-linked (yc-deficiency)
ADA-deficiency
1I-7Ra-deficiency
Autosomal recessive, SCID defect unknown
RAG1 or RAG2-deficiency
JAKS deficiency

CD3 chain-deficiency
CD45-deficiency
Cartilage hair hypoplasia with SCID
Unknown molecular cause
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