
Original Article
Lessons Learned From Five Years of Newborn
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What is already known about this topic? Newborn screening (NBS) programs for severe combined immunodeficiency
(SCID) have changed the outcome of affected infants, enabling early diagnosis followed by prompt and appropriate
treatment. Reporting the long-term follow-up of such programs is of great importance.

What does this article add to our knowledge?We summarize a 5-year follow-up of NBS for SCID in Israel and present a
1-year follow-up for non-SCID patients and detailed clinical data and outcomes of SCID patients who received hemato-
poietic stem cell transplantation.

How does this study impact current management guidelines? Reports on long-term follow-up of NBS programs for
SCID improve screening strategies and follow-up protocols, defining clinical targets and tailoring specific managements to
improve the outcomes and survival of affected newborns.
BACKGROUND: Implementation of newborn screening (NBS)
programs for severe combined immunodeficiency (SCID) have
advanced the diagnosis and management of affected infants and
undoubtedly improved their outcomes. Reporting long-term
follow-up of such programs is of great importance.
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OBJECTIVE: We report a 5-year summary of the NBS program
for SCID in Israel.
METHODS: Immunologic and genetic assessments, clinical
analyses, and outcome data from all infants who screened
positive were evaluated and summarized.
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Abbreviations used

DBS- D
ry blood spots
GVHD-G
raft versus host disease

HSCT- H
ematopoietic stem cell transplantation

IL-7Ra- IL
-7 receptor a
NBS- N
ewborn screening

SCID- S
evere combined immunodeficiency

TCL- T
 cell lymphopenia
TREC- T
 cell receptor excision circle

TCRVb- T
 cell repertoire variable b
WES-W
hole-exome sequencing
RESULTS: A total of 937,953 Guthrie cards were screened for
SCID. A second Guthrie card was requested on 1,169 occasions
(0.12%), which resulted in 142 referrals (0.015%) for further
validation tests. Flow cytometry immune-phenotyping, T cell
receptor excision circle measurement in peripheral blood, and
expression of TCRVb repertoire for the validation of positive
cases revealed a specificity and sensitivity of 93.7% and 75.9%,
respectively, in detecting true cases of SCID. Altogether, 32
SCID and 110 non-SCID newborns were diagnosed, making the
incidence of SCID in Israel as high as 1:29,000 births. The most
common genetic defects in this group were associated with
mutations in DNA cross-link repair protein 1C and IL-7 receptor
a (IL-7Ra) genes. No infant with SCID was missed during the
study time. Twenty-two SCID patients underwent hematopoi-
etic stem cell transplantation, which resulted in a 91% survival
rate.
CONCLUSIONS: Newborn screening for SCID should
ultimately be applied globally, specifically to areas with high
rates of consanguineous marriages. Accumulating data from
follow-up studies on NBS for SCID will improve diagnosis and
treatment and enrich our understanding of immune develop-
ment in health and disease. � 2022 American Academy of
Allergy, Asthma & Immunology (J Allergy Clin Immunol Pract
2022;-:---)

Key words: Severe combined immunodeficiency; SCID; T cell
lymphopenia; Newborn screening; Dry blood spots; Primary
immunodeficiency; Hematopoietic stem cell transplantation

INTRODUCTION
Severe combined immunodeficiency (SCID) encompasses a

group of severe inherited disorders of the immune system, char-
acterized by absent or nonfunctional T cells and variable abnor-
malities in B and natural killer (NK) cell differentiation.1,2 The
genetic basis of SCID is heterogeneous, with mutations in at least
20 different genes affecting V(D)J recombination, T-cell receptor
signaling, lymphocyte proliferation, cytokine signaling, or protein
synthesis.3,4 Severe combined immunodeficiency patients with
typical clinical presentation have a fatal outcome unless the im-
mune system is promptly corrected by hematopoietic stem cell
transplantation (HSCT) or, in specific genetic forms, enzyme
replacement therapy or gene therapy.5,6 It was shown that SCID
infants with a diagnosis at an early age and treated with HSCT in
the first 3.5 months of life have significantly better outcomes than
those whose disease detection and treatment are delayed.7-10 These
observations underpinned the rationale for SCID to be a target for
newborn screening (NBS)11 by quantifying T cell receptor
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excision circles (TRECs) on dry blood spots (DBS) obtained from
Guthrie cards.12 Newborn screening for SCID is used successfully
throughout the United States13-15 and in several countries such as
Poland,16 Norway,17 Denmark,18 Sweden,19 Switzerland,20

Italy,21 Spain,22 and Taiwan,23 as well as numerous provinces in
Canada.24 The estimated incidence of SCID is variable among
different populations and ranges between 1:50,000 and 100,000
live births.23,25-28 The incidence is much higher in countries with a
high frequency of consanguineous marriages, such as Saudi Arabia
and Israel.29,30 Although NBS for SCID has been widely adopted,
there is nouniversally acceptedprocess for evaluating abnormalNBS
SCID results. Individual states or countries use different techniques
for measuring TRECs and determine different levels of TREC
cutoffs. Moreover, there is wide variability in criteria for recalling
infantswithT cell lymphopenia (TCL) for additional specimens and
in algorithms for follow-up.27 In addition, the confirmation algo-
rithm may include a broad range of assays such as complete blood
cell counts (CBCs), fow cytometry analysis of lymphocyte subset,
TREC measurement in peripheral blood, lymphocyte proliferative
rate in response to mitogen stimulation, and TCR repertoire.15,31

Thus, there is a need to harmonize validation protocols for an
abnormalNBS result among differentNBS programsworldwide. In
addition to identifying SCID patients, the NBS can recognize, as a
secondary target, other causes of T cell immunodeficiencies,
including specific syndromes, secondary causes of TCL, severe
prematurity, or idiopathic TCL.32-34

The utility of TREC for screening infants with SCID was also
proven recently in Israel in a successful pilot study, in which we
were able to retrospectively identify seven patients with SCID.35

This paved the way to adding NBS for SCID to the national
NBS program in October 2015.36 Since then, this test has
become available for all newborns in Israel, and the confirmatory
process is performed in a central laboratory at Sheba Medical
Center. The first year of the Israeli NBS program identified eight
SCID patients, revealing an incidence of 1:22,500 births in the
Israeli population.29 Here, we summarize the 5-year experience
of NBS for SCID in Israel. In addition, we present detailed
clinical data and outcomes of SCID patients identified by the
NBS who received HSCT.

METHODS

Study population
Dried blood spot specimens were collected from all infants born

in Israel between October 1, 2015 and September 30, 2020 as part
of the national NBS program. Data were collected from the com-
puter archives of the Israeli National Center for NBS at the Sheba
Medical Center. Classification of newborns were defined as previ-
ously reported.31,37 False positives were defined as newborns with
repeated positive screening results, whose clinical presentation was
normal and immunologic workup was negative for lymphopenia of
any etiology. Moreover, they were considered healthy during at least
1 year of follow-up. The study was approved by both the Sheba
Medical Center Institutional Review Board and the Israeli National
Research Committee. We obtained informed consent from all in-
dividual participants included in the study where genetic evaluation
was needed.

Specimen testing

The Israeli SCID NBS program uses the commercial EnLite
Neonatal TREC kit (PerkinElmer, United Kingdom) according to
the commercial instructions. Briefly, DBS punches 1.5 mm in
ter from ClinicalKey.com by Elsevier on June 12, 2022. 
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diameter are directly inserted into a 96-well PCR plate. In the first
step, DNA is eluted without extraction. The second step includes
PCR amplification of TREC and b-actin, which is used as the in-
ternal control for each specimen. Four PCR plates are processed in
parallel, each plate containing a standard TREC curve in triplicates,
as well as positive and negative controls for both targets.

Algorithm for infant diagnosis
According to the Israeli SCID screening algorithm, if the initial

TREC value is below the cutoff level (TREC less than 17 copies) a
retest in duplicate is performed using the same initial Guthrie card. If
both results are below the cutoff (TREC less than 17 copies) and a
normal amplification of b-actin used for DNA detection (more than
30 copies), a second Guthrie card is requested and tested again in
duplicate. Only if two TREC values in the second Guthrie card are
below the cutoff level (TREC less than 23 copies), the family receives
an immediate call to come to the national clinic and laboratory center
for SCID at the Sheba Medical Center for clinical evaluation and
validation tests (Figure 1). T cell receptor excision circle cutoffs for
retesting have been adjusted over time, based on our experience. In
the first 2 years (2015-2017), the cutoff was initially set at 36 copies
per blood spot. This threshold was lowered to 25 copies per blood
spot in the third year (2018) of the program. In 2019 to 2020, the
cutoff was changed to 17 copies per blood spot in the first Guthrie
card and 23 copies per blood spot in the second Guthrie card.

Immunologic evaluations
Cell surface markers, lymphocyte proliferative response to mito-

gens, the amount of TREC in peripheral blood, and the analysis of T
cell repertoire variable b (TCRVb) repertoire were determined as
previously described.38,39

Whole-exome and Sanger sequencing
Severe combined immunodeficiency mutations were identified

using either direct dideoxy Sanger sequencing or whole-exome
sequencing (WES) on genomic DNA samples from the patient, as
previously described.38 Family mutations that were discovered by
WES were then validated by Sanger sequencing, and also in carriers
and healthy controls for segregation analyses. Sequencing data was
analyzed using Sequencer software (BioEdit 7.2 software, https://
bioedit.software.informer.com/7.2/)

Statistical analyses

We performed statistical analyses using SPSS software (version
25.0, SPSS Statistics for Windows, IBM Corp, Armonk, NY).
Categorical variables are reported as frequencies and percentages.
Continuous variables were skewed and therefore are summarized as
medians with interquartile ranges (IQRs). ManneWhitney and
KruskaleWallis tests were used to compare continuous variables
between groups. We used c2 and Fisher exact tests to study asso-
ciations among categorical variables. All statistical tests were two-
tailed. P less than .05 was considered statistically significant.

RESULTS

General data, clinical diagnosis, and laboratory

analysis of infants with positive SCID screening

Between October 1, 2015 and September 30, 2020, a total of
937,953 newborns were screened for SCID in Israel. Of those,
52% were male and 48% were female. Median time elapsed from
birth to first sample collection was 36 hours, and median TREC
copy number per blood spot was 110 (IQR, 90-135). A total of
9784 infants (1.04%) had an initial TREC value below the
Downloaded for Anonymous User (n/a) at Sheba Medical Cen
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cutoff. However, after we performed another two tests on the
same card, only 1,169 infants were requested to give a second
card (0.12%). In total, 142 infants had positive screening results
in two separate Guthrie cards (1:6,605 total births; 0.015% of
births) (Figure 1). At the time of the validation, 61 infants were
still hospitalized. Reasons for staying in the hospital included
preterm birth, congenital syndromes, chylothorax, and neonatal
sepsis. After the validation tests, the infants had diagnoses of
SCID or leaky SCID (n ¼ 32) or non-SCID (n ¼ 110). Of these
infants, 54.9% were male. Jewish ethnic origin was found in
45.1% of the population, and 52.1% were of Muslim ethnic
origin. Moreover, 39% of infants had consanguineous parents,
and in 10.6% a family history of SCID was reported (see
Table E1 in this article’s Online Repository at www.jaci-
inpractice.org). Median time elapsed from date of birth to the
time a second sample of Guthrie card was obtained was 9 days
(IQR, 7-17 days) and final results from the second screening test
were available after 4 more days (IQR, 3-5 days). Median length
of time from when screen result were received to the visit to the
national clinic for SCID was 6 days (IQR, 3-8 days). After the
confirmatory tests were completed, infants received a final
diagnosis after a median time of 7 days (IQR, 5-9 days). Overall,
the final diagnosis was reached at a median age of 27 days after
birth (IQR, 22-36 days) (Figure 2; see Table E2 in this article’s
Online Repository at www.jaci-inpractice.org). The age at diag-
nosis was lower in infants with a family history of SCID (median,
22 days; IQR, 20-25 days) compared to infants without a family
history of SCID (median, 28 days; IQR, 23-38 days; P ¼ .003).
This was mainly because of our strategy of referring these infants
to complete the validation process immediately after the first
abnormal Guthrie card.

The 110 non-SCID group of patients could be further sub-
classified into newborns with syndromes associated with T-cell
impairment (n ¼ 29), idiopathic TCL (n ¼ 16), low immunity
owing to premature birth (n ¼ 16), and secondary causes of
lymphopenia (n ¼ 12). Thirty-seven infants had a diagnosis of
false positive (0.0039% of total tests) (Figure 1). Of the SCID
patients, 18 infants had a diagnosis of typical SCIDs (56.2%), 13
infants had a diagnosis of leaky SCIDs (40.6%), and one patient
had typical clinical signs of Omenn syndrome. Two patients had a
diagnosis of complete DiGeorge syndrome. They were considered
to be typical SCID because they lacked T cells. Syndromic cases
were composed mainly of partial DiGeorge syndrome (n ¼ 10;
34.4%) or trisomy 21 (n ¼ 6 ; 20.6%). Main secondary causes of
TCL were chylothorax (n ¼ 5; 41.6%) and neonatal sepsis (n ¼
4; 33.3%). Sixteen preterm infants in whom TREC copies did not
improve over time were referred to a validation process. Four died
before a validation test was done; therefore, immunodeficiency
could not be excluded. Finally, idiopathic TCL included 16 pa-
tients. Despite abnormal validation tests of some of them, they
could not be specifically classified even after an in-depth immu-
nologic evaluation or genetic analysis (Figure 3).

Patients with a diagnosis of SCID or syndromes displayed
significantly reduced numbers of lymphocytes compared with the
levels presented in other groups of patients (mean, 1,475.5, P <
.0001; and mean, 2,494.7, P ¼ .01, respectively) (Figure 4, A).
Mean number of CD3þ T cells for all patients was below the
normal levels of healthy controls. Obviously, this was highly
significant in the SCID group of patients (mean, 338.1; P <
.0001) (Figure 4, B). Furthermore, reduced numbers of B cells
correlated only with the SCID group of patients (mean, 329.7; P
ter from ClinicalKey.com by Elsevier on June 12, 2022. 
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FIGURE 1. Severe combined immunodeficiency (SCID) newborn screening algorithm for infant diagnosis. T cell receptor excision circle
(TREC) and actin copies are per dry blood spots (DBS). Normal amplification of b-actin is considered to be greater than 30 copies/DBS. If
the result of b-actin was less than 30 copies/DBS, the sample was considered to be of unsatisfactory quality and a second sample was
requested. Secondary, secondary causes of lymphopenia; Syndrome, syndromes associated with T-cell impairment; TCL, T cell
lymphopenia.
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< .0001) (Figure 4, C). T-cell proliferation in response to
phytohemagglutinin (PHA) and anti-CD3 stimulation was
reduced (PHA, 41%; anti-CD3, 36% from normal control) in
SCID patients, whereas in the non-SCID group of patients, the
response to PHA was normal (81% from normal control) and
only slightly impaired in response to anti-CD3 stimulation (46%
from normal). In patients who eventually received a diagnosis of
false positive, the response to both PHA and anti-CD3 stimu-
lation was normal (PHA, 89%; anti-CD3, 66% from normal
control) (see Table E3 in this article’s Online Repository at www.
jaci-inpractice.org). Mean TREC in the DBS obtained during
NBS in the group of SCID patients was 0.91 copies per blood
spot. In the remaining groups of infants, average TREC copies
per DBS were significantly higher compared with the SCID
patients (mean, 6.1; P < .0001) (Figure 5, A). Moreover, the
same tendency was present when quantifying TREC in the pe-
ripheral blood (P < .0001) (Figure 5, B). Flow cytometry
analysis of the TCRVb repertoire was a useful tool for the
diagnosis of SCID patients with residual T cells (P < .0001) (see
Figure E1 in this article’s Online Repository at www.jaci-
inpractice.org). In 79.3% of SCID patients, the TCRVb reper-
toire was abnormal. In contrast, in all other groups of patients,
most TCRVb repertoire results were normal (73.3% to 90.6%).

Each validation assay was tested for sensitivity and speci-
ficity to distinguish among SCID patients and all other non-
Downloaded for Anonymous User (n/a) at Sheba Medical Cen
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SCID patients. Tests for total lymphocytes, CD3þ and
CD4þ cells and TREC in peripheral blood were more sensitive
and less specific, whereas the TCRVb repertoire was slightly
more specific than sensitive. A formula that combines
measuring total lymphocytes, CD3þ, CD4þ, TREC, and
TCRVb gave the highest predicted marker for SCID diagnosis
(see Table E4 in this article’s Online Repository at www.jaci-
inpractice.org).

Follow-up and outcome of non-SCID infants
A total of 110 infants who screened positive were given the

diagnosis of non-SCID. Of those, 21 died in the first weeks of
life, mainly of congenital syndromes (nine infants), as a result of
sepsis (four infants), or of preterm birth complications (six in-
fants), and one infant died of an unrelated issue. Sixteen infants
were lost to follow-up; most had syndromes or were in the false-
positive group of infants, and the remaining infants had clinical
follow-up for at least 1 year. Forty-six infants from this group of
patients (42%) did not visit the national clinic and sent only
blood samples to the national laboratory for confirmatory tests,
in most cases owing to prolonged hospitalization after birth. Of
the 64 infants who visited the national clinic for clinical evalu-
ation and validation tests (58%), 35 of their families were asked
to visit the immunologic clinic for additional follow-up (mean, of
2.2 follow-up visits per infant). Interestingly, 10 patients from
ter from ClinicalKey.com by Elsevier on June 12, 2022. 
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FIGURE 2. Severe combined immunodeficiency (SCID) newborn screening (NBS) timeline for infant diagnosis. Time points during the
identification, diagnosis, and treatment of infants identified by the Israeli SCID NBS program. The different time points along the timeline
represent the median age of infants identified in the NBS. HSCT, hematopoietic stem cell transplantation.
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the TCL group attended the immunology clinic for more clinical
follow-ups (mean, 3.6 visits/patient), and none received a final
diagnosis of severe immunodeficiency. Infants in the other
groups of patients did not require regular clinical follow-up at the
immunology clinic, because a diagnosis of significant primary
immunodeficiency was excluded and they were referred to
different clinics according to clinical needs. Moreover, 22 infants
had infections (mean, 1.3 infections/infant) and 11 had in-
fections that required hospitalization. To continue to characterize
patients, 10 were genetically evaluated by WES analysis. Eight
belonged to the TCL group. Genetic diagnosis was established in
only five infants; none was related to a significant known primary
immunodeficiency (see Table E5 in this article’s Online Re-
pository at www.jaci-inpractice.org).

Follow-up and outcome of SCID infants
Thirty-two infants screened positive for SCID, yielding an

overall incidence of one in 29,000 births. All infants were healthy
at diagnosis, except for two infants who had a diagnosis of either
in utero Omenn syndrome40 or complete DiGeorge syndrome.
Arab-Muslim origin and consanguineous marriages were more
frequent in SCID patients (87.5% and 65.5%, respectively) (see
Table E6 in this article’s Online Repository at www.jaci-
inpractice.org). Moreover, 14 infants had a positive family his-
tory of SCID (43.8%). Interestingly, transplacental maternal
T cell engraftment, which is common in SCID patients, was
found only in four patients. All SCID patients had lymphopenia,
14 patients had SCID variants with normal B cell counts
(Bþ SCID), and 18 had SCID variants with decreased B cell
counts (Be SCID). All patients had normal numbers of NK cells,
except one (p24) who was had a diagnosis of JAK3 deficiency
(TeBþNKe SCID) (see Table E7 in this article’s Online Re-
pository at www.jaci-inpractice.org). Altogether, the genetic
diagnosis of SCID was established in 30 infants, and another two
patients were given the diagnosis of complete DiGeorge syn-
drome either using chromosomal microarray and WES or
phenotypically. All the mutations, except one, were found in
known SCID genes. Six mutations were previously reported and
nine were novel (see Table E8 in this article’s Online Repository
at www.jaci-inpractice.org). Mutations in the DNA cross-link
repair protein 1C gene accounted for 34.3% of cases (n ¼ 11).
Defects in the IL-7Ra gene were detected in eight patients
accounting for 25% of all SCID cases (Figure 6).
Downloaded for Anonymous User (n/a) at Sheba Medical Cen
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Hematopoietic stem cell transplantation for SCID

infants
Of 32 infants with a diagnosis of SCID, 22 were treated with

allogeneic HSCT and two were awaiting the procedure. Another
two infants died before transplant (see Figure E2 in this article’s
Online Repository at www.jaci-inpractice.org). The first had a
mutation in the IL-7Ra gene and a diagnosis of in utero Omenn
syndrome, and died at age 47 days of necrotizing enterocolitis
and sepsis. The second infant had complete DiGeorge syndrome.
Her severe clinical condition prohibited medical intervention
such as a cardiac operation or HSCT, and she died at age 11
months of carbapenem-resistant Enterobacteriaceae sepsis. In
addition, a group of eight patients had a homozygous mutation
in the IL-7Ra gene (seven with an identical mutation). They all
displayed abnormal IL-7Ra expression and reduced IL-7
pathway signaling.41 Surprisingly, with time, six had unex-
pected immunologic recovery without clinical manifestation of
immunodeficiency, and thus HSCT was not required.41 In those
patients, reversed mutation was excluded by repeated Sanger
sequence 1 year after the initial diagnosis. They were all well and
alive and under close follow-up to ensure the benign course of
the disease. The other two patients from this group displayed a
severe clinical picture of immunodeficiency: one required HSCT
and the other one died, as mentioned earlier.

All 22 SCID patients received prophylaxis with trimethoprim/
sulfamethoxazole and fluconazole while awaiting HSCT. Of the
24 infants treated with HSCT or awaiting HSCT, 19 did not
have any infections that required hospitalization before HSCT
treatment. Another five SCID patients required hospitalization
before HSCT treatment owing to acquired infections (median of
3 hospitalizations/patient; IQR, 1.5-5 hospitalizations), two of
them in an intensive care unit (see Table E9 in this article’s
Online Repository at www.jaci-inpractice.org). When indicated,
HSCT was performed at four different medical centers in Israel
at a median age of 3.75 months (IQR, 3.48-4.6 months, 112.5
days). Pretransplant conditioning therapy and graft versus host
disease (GVHD) prophylaxis were given to 20 infants. Giving
pretransplant conditioning was a reason to delay the HSCT
procedure. Another two infants were not given pretransplant
conditioning because of severe comorbidities. In eight patients
the donor was a mismatched related donor, in seven cases the
donor was a matched related donor, and in seven cases the donor
ter from ClinicalKey.com by Elsevier on June 12, 2022. 
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FIGURE 3. Conditions diagnosed in infants identified by newborn
screening for severe combined immunodeficiency (SCID). Positive
cases were classified as SCID (typical, leaky, or Omenn pheno-
type; n ¼ 32), syndromes with T cell immunodeficiency (Syn-
drome; n ¼ 29), T cell lymphopenia owing to secondary causes
(Secondary TCL; n ¼ 12), T cell immunodeficiency owing to pre-
maturity (Preterm; n ¼ 16), and idiopathic T cell lymphopenia
(TCL; n ¼ 16). DGS, DiGeorge syndrome; GAW, gestational age in
weeks.
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was a matched unrelated donor. Graft origin was from bone
marrow in 11 cases, peripheral blood stem cell graft in 10 cases,
and in one case the graft was a cord blood unit. Mean CD34þ

cell count in the graft was 9.7 106 cells/kg (see Table E10 in this
article’s Online Repository at www.jaci-inpractice.org). In the
current cohort, mean time from HSCT until neutrophil
engraftment was 12.9 days (see Table E11 in this article’s Online
Repository at www.jaci-inpractice.org). During hospitalization
for HSCT, 17 infants had febrile episodes and four infants had
acute GVHD. Three infants had to be treated in the intensive
care unit owing to post-HSCT complications. Infants were
released from HSCT hospitalization at a median age of 146.5
days (IQR, 126.5-174.5 days), after a median hospitalization
length of 37 days (IQR, 30-55 days). After hospital discharge, 18
infants were rehospitalized owing to severe infections (median,
2.5 hospitalizations/infant; IQR, 1-3 hospitalizations). In addi-
tion, 15 infants received intravenous immunoglobulin replace-
ment treatment after discharge. Two infants underwent a second
HSCT, one owing to primary graft failure and the other because
of secondary graft failure 3 months after the first HSCT. During
a median follow-up of 30 months, 20 of 22 infants who un-
derwent HSCT were alive (91%). Of those, two displayed
chronic GVHD and the rest were well. Two patients died after
HSCT: one, 2 years after HSCT, from fulminant T cell lym-
phoma after EBV infection, and the other, 7 months after
HSCT, of chronic GVHD of the gastrointestinal tract and EBV
infection. As part of posttransplant follow-up, chimerism analysis
was routinely performed for all infants. Of 20 infants who were
transplanted and were alive, nine had full donor chimerism, nine
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had high mixed chimerism with a median chimerism of 74%
donor cells (IQR, 64% to 93%), and two who did not receive
pretransplant conditioning therapy had the lowest chimerism of
30% and 32%, respectively. Interestingly, the two infants who
died had full donor chimerism, but both were profoundly lym-
phopenic many months after transplant (Table E11).
DISCUSSION

Newborn screening programs for SCID are already imple-
mented in many countries. To date, only two reports, both from
the United States, provided long-term follow-up of 7 and 10
years, regarding this program.14,28 All programs use the TREC-
based assay for screening. Nevertheless, different algorithms for
validation and diverse management strategies are used world-
wide. After our pilot study35 and 1-year summary study,29 we
report the long-term follow-up of NBS for SCID in Israel. Since
the initiation of SCID screening in Israel, some modifications
were made to the program, specifically reducing the cutoff value
for positive screening, which did not interfere with the main goal
of the program of identifying all SCID cases with minimal
identification of false-positive cases. More than 900,000 Guthrie
cards were screened in the past 5 years, resulting in 142 referrals
to the national center for NBS for SCID in Israel. The 5-year
results included 32 SCID patients, making the incidence of
SCID in Israel as high as 1:29,000 births. To the best of our
knowledge, no infant with SCID was missed during that time,
and other non-SCID diagnoses were established. We also provide
data about the course and outcome of SCID patients, which
resulted in a 91% survival rate among infants who underwent
HSCT.

There is wide variability in screening algorithms and cutoff
values for TREC as well as in the confirmatory testing used by
various states and countries. An initial abnormal TREC result
may lead to retesting the same initial DBS, collecting a second
DBS, and the subsequent TREC quantitation or collection of
peripheral blood samples for a lymphocyte subset. A survey
conducted among the Clinical Immunology Society membership
showed that 49% of responders used a one-step NBS SCID
screening protocol, demonstrating that an abnormal NBS SCID
dictates immediate confirmation by flow cytometry analysis.
Thirty-nine percent of the responders used a two-step screening
protocol in which an abnormal NBS SCID result proceeds in the
first stage to repeat TREC analysis.31 The Israeli SCID screening
algorithm is different. The health care system in Israel is well-
organized to collect NBS cards from the entire Israeli popula-
tion, and all NBS tests, including those for SCID, are performed
in one national NBS laboratory. Thus, for every newborn we can
easily ensure two steps of screening to prevent unnecessary calls.
If an infant has an abnormal first TREC result, a second Guthrie
card is requested. Only when all five tests (three tests in the first
Guthrie card and two in the second Guthrie card) are abnormal,
the infant is referred for clinical evaluation and additional
confirmatory tests. In general, every infant born in Israel has
regular clinic visits at a local child care center during the first
years of life. This allows the infant to be summoned for further
screening tests if needed and to receive care from appropriate
specialists. For SCID patients, this enables a prompt process
consisting of screening, confirmation, diagnosis, and treatment in
a reasonable time frame. In addition, the TREC cutoff for
retesting has been adjusted over time, based on our experience.
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FIGURE 4. Immunologic phenotype in infants identified by newborn screening (NBS) for severe combined immunodeficiency (SCID).
Flow cytometry analysis for total lymphocyte profile in infants who were screened positive by NBS program (n ¼ 120). Numbers of total
lymphocyte/mm3 (A), CD3/mm3 (B), and CD20/mm3 (C) in SCID patients and in other groups of non-SCID patients are presented. Gray
area represents normal values of healthy controls (age 0-2 months). TCL, Tcell lymphopenia.

FIGURE 5. Tcell receptor excision circle (TREC) values in dry blood spots (DBS) and peripheral blood. The TREC levels in dry blood spots
(A) and in peripheral blood (B) in SCID patients and other groups of non-SCID patients were identified by the NBS program. Reported
TREC levels in the DBS are from the second Guthrie card that was tested in duplicate. The highest TREC value between the two results is
reported. Dashed line represents the cutoff for normal TREC levels (23 copies/mL blood and >400 copies per 0.5 mg DNA in peripheral
blood). SCID, severe combined immunodeficiency; TCL, T cell lymphopenia.
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Lowering the TREC cutoff does not change the identification of
typical SCID cases, but it might reduce the number of other
TCL cases identified.27 Indeed, lowering our TREC cutoff over
the years resulted in a reduction in the second DBS requisitions
from 0.3% in the first year of NBS screening to 0.12% at the end
of the fifth year. Moreover, the referral rate for a positive
newborn screen for SCID did not change over the 5 years of
screening (0.03%), whereas the referral rate for non-SCID cases
was reduced from 0.017% in the first year to 0.011% in the fifth
year of screening. Furthermore, our algorithm for screening
revealed a retest rate (1.04%), a repeated DBS rate (0.12%), and
a referral rate (0.015%) that were relatively low compared with
published data.22,27,30 This screening protocol enabled us to
minimize false-positive results and lower the number of referrals
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without decreasing the sensitivity of NBS for SCID. In addition,
it has a great impact on reducing the burden exerted on the
health care system and can decrease inconvenience to infants and
their families. All validation tests were performed in one national
laboratory, enabling a uniform and rapid performance of the tests
and evaluation of the exact time elapsed from birth to screening
and final results, as well as consistency in interpretating results
and in the decision regarding continuing treatment. There is no
consensus regarding the follow-up testing algorithm to evaluate
an abnormal NBS result. Most screening laboratories perform
CBC and flow cytometry analyses of lymphocyte subsets as the
initial follow-up testing for an abnormal NBS SCID, followed by
measurement of T cell function by lymphocyte proliferation in
response to mitogens.14,15,26,31 Currently, the validation
ter from ClinicalKey.com by Elsevier on June 12, 2022. 
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FIGURE 6. Genotypes of 32 severe combined immunodeficiency
(SCID) infants. Distribution of SCID genotypes in 32 SCID pa-
tients identified by newborn screening. Numbers in parentheses
represent the number of patients who received a genetic diag-
nosis. DCLRE1C, DNA cross-link repair protein 1C. DGS,
DiGeorge syndrome.
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algorithm in the Israeli NBS program consists of a broad range of
assays, including CBC, TREC measurement in peripheral blood,
fow cytometry immune-phenotyping, and expression of the
TCRVb repertoire. Overall, the combination of the five tests
provides a good balance between sensitivity and specificity. We
found that the TCRVb repertoire as a first tier of validation
testing is effective in providing a diagnosis for SCID patients
with residual T cells. It requires only 0.75 mL of blood and
results are available in only 2 hours. Moreover, the TCRVb
repertoire has an added value for clinical entities such as Omenn
syndrome or SCID with maternal engraftment, in which the
lymphocyte subset analysis may be inconclusive. Nevertheless,
the results of the TCRVb repertoire could be normal in SCID
patients with a leaky phenotype. The lymphocyte proliferation
assay is generally incorporated into the validation testing. In
Israel, we used this assay as part of follow-up testing in the first 2
years of the screening program.29 Over the past 5 years, we found
that this elaborate test requires a large volume of blood with a 1-
week lag time before receiving the results, and it is not necessary
for the initial diagnosis while using the additional tests. There-
fore, in Israel, we do not use it in the initial confirmatory panel,
but only as a second layer of tests when an additional diagnosis is
required.

A total of 32 SCID patients were identified during the first 5
years of the Israeli NBS program, revealing an incidence of
1:29,000 births. This incidence is much higher than the known
prevalence for SCID in worldwide NBS programs.13,26,27 In the
United States, 7 years of SCID NBS in California revealed an
incidence of 1:65,000 births,28 and in 10 years of the screening
program in Massachusetts, the incidence was 1:80,000 births.14

It can be assumed that the high incidence of SCID in Israel
originates from high rates of consanguineous marriages in the
Israeli population. Indeed, 65.5% of the current SCID patients
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were born to consanguineous parents. In addition, whereas
23% of newborns in Israel are of Arab-Muslim origin, their part
in the current SCID cohort was more frequent (87.5%). Thus,
Arab ethnicity and consanguineous marriage could be risk
factors for having an abnormal TREC result in the Israeli
population. Moreover, 14 infants from the SCID group of
patients (43.8%) had a positive family history of SCID. One
would expect that having an affected relative would lead the
family to undergo family planning with a pregestational diag-
nosis or a prenatal diagnosis, both of which are widely available
in Israel and both of which might be expected to lead to a
decrease in the detection of SCID patients by the screening
program over the years. We have yet to see the widespread
adoption of these family planning techniques in these families.
In Israel, there are traditional populations for which prenatal
diagnosis or performing an abortion are unacceptable in the
socioreligious context. Indeed, according to our data, there has
been no decrease in identifying SCID patients over the 5 years
of screening, and the incidence of their detection has remained
almost the same (0.032%).

In the current cohort of SCID patients, there was a pre-
dominance of autosomal recessive mutations in the DNA cross-
link repair protein 1C and IL-7Ra genes. The high frequency
of both genes is attributable to the high rate of consanguineous
marriages and suggests a founder genetic effect in the Israeli
Muslim-Arab population. Interestingly, whereas the most com-
mon SCID phenotype in the United States is X-linked SCID,
caused by a mutation in IL-2 receptor g chain,15,26,27,42 in the
current cohort, only one SCID patient (3.1%) received a diag-
nosis of the mutation of this gene. Despite the idea that some
affected infants with residual or partially functional T cells, such
as patients with MHC II deficiency,43,44 might be missed by
TREC-based NBS, the first MHC class IIedeficient infant with
a mutation in the RFX5 gene was successfully identified by our
NBS program (P11).45 Therefore, physicians should be aware
that this rare SCID phenotype can also be identified in the NBS,
and it is important to add MHC II molecules (HLA-DR)
measurement to the confirmatory testing. Moreover, in one pa-
tient (P29), mutation in proteasome subunit-b type-10 gene was
detected. This protein has a role in the immune system as part of
the immunoproteasome and was previously reported to cause
autoinflammatory disease.46

In the current cohort, patients with non-SCID included 110
newborns who were identified as a secondary target of the SCID
NBS program. This group constitutes 77.5% of positively
screened infants, but each month only a mean of 2.4 visits in the
clinic were given to infants with non-SCID TCL, either for the
initial valuation and diagnosis or for clinical follow-up. These
data demonstrate that identifying and monitoring this group of
patients does not cause a substantial burden on the health care
system, any financial burden, or a large number of follow-up
visits and examinations that can cause emotional anxiety for
patients and their families. Overall, these patients seem to do well
clinically.47 Only 20% of patients from this non-SCID group
had an infection (mean, 1.3 infections/infant) or needed further
hospitalization (10% of infants; mean, 1.3/infant) in the long-
term follow-up.

For most patients with a diagnosis of SCID, HSCT offers
curative treatment with excellent outcome results.48 Indeed,
91% of infants in our program who underwent HSCT are alive,
similar to survival rates reported in California (94%)28 and in
ter from ClinicalKey.com by Elsevier on June 12, 2022. 
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11 screening programs in the United States as a whole (92%).13

The SCID population in our study includes two patients with
complete DiGeorge syndrome, both of whom died, one after
HSCT. Including patients with complete DiGeorge with an
SCID diagnosis is not always acceptable because these patients
are not always defined as having true SCID, because HSCT
does not treat this disorder. With a modern genetic diagnosis,
SCID is often restricted to defects intrinsic to hematopoietic
cells that are amenable to HSCT treatment. Transplantation for
patients with complete DiGeorge syndrome was reported to
have an unfavorable outcome regardless of early detection.49

Therefore, other therapeutic modalities for these patients
should be considered, including thymus transplant,50 which is
available in only a few centers worldwide. Promptly after the
diagnosis of SCID, before HSCT, protective actions are taken
to reduce the risk for acquiring infections. These actions
include, among other things, prophylaxis treatment and
avoiding breastfeeding to lower the risk for transmitting cyto-
megalovirus infection. However, despite these protective ac-
tions, the appearance of infections before HSCT is still reported
worldwide. The Primary Immune Deficiency Treatment Con-
sortium cohort in North American found that 42% of 98 SCID
patients had infections before HSCT, and 72% of them were
infected after the diagnosis of SCID.51 In our study, only five of
24 infants (20.8%) had infections before HSCT treatment. We
hypothesize that a reason for this low percentage was our
strategy of managing patients until transplantation at home
rather than in the hospital. Other factors that could protect
these infants from infections were strict protective instruction
and adherence to these instructions, clinical surveillance, good
communication between the doctor and the family, and the
availability of preventive treatment.

We provide a comprehensive study of our experience with the
program of NBS for SCID in Israel. This program was effective
in identifying infants with typical and atypical SCID and
providing them early and essential management for more
favorable outcomes. There is an essential need to implement such
programs worldwide, particularly in countries with high rates of
consanguineous marriages and a high prevalence of genetic dis-
eases. Improving protocols of screening, validation processes, and
management directions, specifically for non-SCID newborns, is
greatly needed to face some of the known challenges. Thus,
consensus or common guidelines to instruct the better evaluation
and management of infants who screened positive will be ach-
ieved by reporting more national and international collaborative
studies, open discussions, and implementing more advanced
genomic methodologies to provide a more accurate diagnosis for
positive infants.
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TABLE E1. Characteristics and demographic data of infants
identified by newborn screening for severe combined
immunodeficiency

Characteristic Study population, n %

Year born

2015 (1.10-30.12) 10, 7.04

2016 38, 26.8

2017 30, 21.1

2018 30, 21.1

2019 26, 18.3

2020 (1.1-30.9) 8, 5.6

Total 142

Sex

Male 78, 54.9

Female 64, 45.1

Ethnicity

Jewish 64, 45.1

Muslim 74, 52.1

Others (Christian/Druze) 4, 2.8

Consanguinity* 39, 39.0

Family history of severe combined
immunodeficiency

15, 10.6

Gestational age, wk (mean, median) 36.9, 38

Terms �37 wk 98, 69.5

Preterm, wk

<37 43, 30.5

32-36 26, 18.4

28-32 7, 5

<28 10, 7.1

Birth weight, g (mean, median) 2,685, 2,890

>2500 97, 69.3

1500-2500 25, 17.9

�1500 18, 12.9

*These data were available for only 100 infants.

screening for severe combined immunodeficiency

Time points of infant diagnosis (days)

Study population

(mean, median)

Age at second Guthrie card sample 15.1, 9

Time from second Guthrie card sampling to final
screen results

4.7, 4

Time from final screen results to visiting national
center for severe combined immunodeficiency

11, 6

Time of diagnosis after first visit 7.2, 7

Age at the diagnosis 36.2, 27
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TABLE E3. Lymphocyte proliferation assay in response to phytohemagglutinin and anti-CD3 stimulation

Patients group Patients, n Phytohemagglutinin (5 mg/mL) Anti-CD3 (5 mg/mL)

Severe combined immunodeficiency 15 41% 36%

Non-SCIDeT cell lymphopenia 16 81% 46%

False positive 17 89% 66%

Results are presented as a percentage of normal controls.

TABLE E4. Statistical measures of validation tests

Validation assay Sensitivity Specificity

Total lymphocytes 96.9% 44.8%

CD3þ cells 96.9% 58.1%

CD4þ cells 100.0% 50.6%

T cell receptor excision circle (peripheral blood) 93.3% 60.0%

T cell repertoire variable b repertoire 79.3% 85.9%

Total lymphocytes plus CD3þ

CD4 plus T cell receptor excision circle plus T cell repertoire variable b
75.9% 93.7%
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TABLE E5. Follow-up data and outcome of patients with diagnosis of non-severe combined immunodeficiency Tcell lymphopenia

Diagnosis group Patients, n

Died Lost to follow-up Visits in follow-up period Infections Hospitalizations owing to infections Whole-exome sequencing analysis

Patients, n % Patients, n % Patients, n % Mean Patients, n % Mean Patients, n % Mean Patients, n

Syndromes 29 9 31.0 5 17.2 6 20.7 2.0 4 13.8 1.5 3 10.3 1.7 1

Secondary 12 4 33.3 3 25.0 3 25.0 1.7 1 8.3 1.0 0 — — 0

Preterm 16 6 37.5 1 6.3 2 12.5 1.0 6 37.5 1.2 3 18.8 1.3 0

T cell lymphopenia 16 1 6.3 0 — 10 62.5 3.6 2 12.5 1.0 2 12.5 1.0 8

False Positive 37 1 2.7 7 18.9 14 37.8 1.6 9 24.3 1.3 3 8.1 1.0 1

Total 110 21 19.1 16 14.5 35 31.8 2.2 22 20.0 1.3 11 10.0 1.3 10

J
A
LLER

G
Y

C
LIN

IM
M
U
N
O
L
PR

A
C
T

V
O
LU

M
E
-

,
N
U
M
B
ER

-

LEV
ET

A
L

1
0
.e
3

D
ow

nloaded for A
nonym

ous U
ser (n/a) at Sheba M

edical C
enter from

 C
linicalK

ey.com
 by Elsevier on June 12, 2022. 

For personal use only. N
o other uses w

ithout perm
ission. C

opyright ©
2022. Elsevier Inc. A

ll rights reserved.



TABLE E6. Degree of consanguinity among parents of patients with diagnosis of severe combined immunodeficiency

Consanguinity Severe combined immunodeficiency patients (n [ 32)

Patients with consanguineous parents, n (%) 21 (65.5%)

Degree of consanguinity

Cousins of first degree 10

Family relatives* 11

*Cousins of second (or more) degree.

TABLE E7. Immune phenotype of patients with diagnosis of severe combined immunodeficiency

Patients

Lymph/mm3

(3,400-7,600/mm3)

CD3/mm3

(2,500-5,500/mm3)

CD4/mm3

(1,600-4,000/mm3)

CD8/mm3

(600-1,700/mm3)

CD20/mm3

(300-2,000)

Natural killer cells (%)

(6% to 30%)

P1 1,695 1,135 728 474 0 22

P2 393 35 35 47 0 17

P3 1,392 807 626 431 0 22

P4 2,568 360 257 437 873 29

P5 1,162 0 70 522 0 76

P6 924 101 64 36 314 30

P7 2,000 4 0 2 1,028 39.5

P8 886 88.6 35 141 274 55

P9 1,745 0 0 366 785 49

P10 1,055 52 37 179 2 70

P11 2,503 250 175 500 775 52

P12 1,304 508 339 469 1.3 49

P13 600 21 4 1.8 0 72.8

P14 1,721 499 379 206 860 17

P15 1,112 0 0 0 945 10

P16 1,382 691 538 400 9.6 48

P17 2,270 999 704 590 5 51

P18 727 370 334 80 152 25

P19 1,851 19 19 796 0 95

P20 1,791 394 179 394 895 27

P21 2,024 749 607 830 0 61

P22 315 0 0 163 0 92

P23 877 324 201 149 333 24

P24 713 7 0 7 656 4

P25 646 103 90 207 0 80

P26 1,436 201 187 172 761 30

P27 1,551 465 310 93 574 31

P28 1,287 142 99 644 0 81

P29 4,565 1,552 730 822 502 40

P30 1,791 788 627 394 9 52

P31 653 20 26 248 1 94

P32 2,278 137 114 39 638 62
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TABLE E8. Genetic and clinical data of severe combined immunodeficiency patients

Gene Mutation

Novelty of

mutation Patients, n

Typical/leaky severe

combined immunodeficiency

DCLRE1C c.1299_1306dup-AGGATGCT Known 8* 2 typical/6 leaky

c.1064 T>C; P.L355S Novel 1 1 leaky

c.310G>A; p.E104K Novel 2 2 typical

IL7R c.120C>G; p. F40L Novel 7† 3 leaky/3 typical/1 Omenn

c.222T>G; p.C74W Novel 1 1 leaky

RAG1 c.G555del : R185R fs15X Novel 2z 2 typical

c.T1361A; p.L454Q Known 1 1 typical

RAG2 c.614 C>A :p. S205Y Known 1x Typical

IL2RG c. 923delC; p.S308fs Novel 1 Typical

JAK3 c.2680 þ89 G>A Known 1x Typical

Ligase 4 c.T1312C; p.Y438H Novel 1x Typical

RMRP ins.17bp TIS-4 TCTGTGAAGCTGAGGAC/TISþ239 C>T Known/known 1 Typical

CORO1A C.861þ2T>C, Exon 8 GT donor Novel 1 Leaky

PSMB10 C.601G>A; P.G201R Known 1 Leaky

RFX5 c.C715T; p.R239X Novel 1 Typical

Complete
DiGeorge syndrome

Unknown — 2 2 typical

*Two patients from this group are brothers who share the same clinical presentation. All other patients with this mutation originated from the same community. Most of them
share the same family name. Therefore, they are considered far family relatives and present with variable clinical phenotypes.
†Two patients from this group are sisters who share the same leaky phenotype. All other patients from this group are from unrelated families.
zTwo sisters who shared the same clinical presentation.
xPatients who had an older sibling who received a diagnosis before the beginning of the newborn screening program with the same mutation and clinical presentation.
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TABLE E9. Clinical evaluation and treatments of severe combined immunodeficiency patients before hematopoietic stem cell transplantation (HSCT)

Patients

Pre-HSCT clinical evaluation Pre-HSCT prophylactic treatment

Time from diagnosis to HSCT, dHospitalizations Intensive care Unit Infections Trimethoprim/sulfamethoxazole Fluconazole Acyclovir

Intravenous

immunoglobulin

P1 — — — V V — V 167

P2 — — — V V — V 84

P3 — — — V V — V 92

P4 1 — Otitis media; oral candidiasis V, stopped V, stopped — — No HSCT

P5 — — — V V V V 79

P6 3 V Klebsiella sepsis; adenovirus, CMV,
Epstein-Barr virus

V V — V 300

P7 Most of the time V UTI, carbapenem-resistant
Enterobacteriaceae

V V — V Died before HSCT

P8 — — — V V — V 260

P9 — — — V V V — 57

P10 — — — V V — — 116

P11 — — — V V — V 168

P12 1 — — V V V V 73

P13 — — — V V — V 85

P14 — — — V, stopped — — — No HSCT

P15 — — — V V — V 87

P16 — — — V V — V 86

P17 — — — V V — V 79

P18 1 1 3 V V — V Died before HSCT

P19 3 V Parechovirus gastrointestinal infection;
Klebsiella UTI; CMV
meningoencephalitis

V V — V 82

P20 — — 1 viral infection. Complete recovery — — — — No HSCT

P21 — — — V V — V 85

P22 — — — V V — V 88

P23 1 — Otitis media; oral candidiasis V — — — No HSCT

P24 — — — V V — V 122

P25 — — — V V V V 112

P26 1 — Enteroviral meningitis V V, stopped — V No HSCT

P27 1 — — V V — V Waiting for HSCT

P28 — — — V V V V 101

P29 7 4 CMV meningoencephalitis, hepatitis,
pyelonephritis; respiratory infection

V V — V Waiting for HSCT

P30 1 — Fungal or other skin infection V V — V 111

P31 2 — UTI, otitis externa V V 0 V 105

P32 — — — V V — — No HSCT

CMV, cytomegalovirus; UTI, urinary tract infection.
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TABLE E10. Clinical characteristics of hematopoietic stem cell transplantation treatment

Patients

Age at

hematopoietic

stem cell

transplantation,

mo

Pretransplant

conditioning therapy Donor Graft type

CD34-positive

amount (10
6
/kg)

Graft versus host

disease prophylaxis

Granulocyte-macrophage

colony-stimulating factor

P1 6.5 ATG MUD BM 9.56 ATG, cyclosporine, MMF V

P2 3.5 ATG, rituximab MMRD PBSC NA MMF V

P3 3.6 a/b T cell depletion MMRD PBSC 29.3 — —

P5 3.8 FLU, thiotepa, TMG, TREO MUD CB 0.22 Cyclosporine, MMF V

P6 10.9 — MRD BM 4.2 — V

P8 9.9 FLU, TREO MRD BM 5.65 Cyclosporine V

P9 2.8 ATG, FLU, thiotepa, TREO MRD BM 6.2 Cyclosporine, corticosteroids —

P10 4.5 ATG, CY, FLU MRD BM 6.24 Cyclosporine, MMF V

P11 7 BU, FLU MUD PBSC 5.01 Cyclosporine, MTX V

P12 3.2 FLU, thiotepa, TREO MMRD BM NA CY, FK, MMF V

P13 3.2 FLU, TREO MUD PBSC NA Cyclosporine, MMF V

P15 3.4 ATG, FLU, TREO MUD BM 10.5 Cyclosporine, MMF V

P16 3.7 Alemtuzumab MMRD PBSC 6.8 CY, FK MMF V

P17 3.6 ATG, FLU, TREO MRD BM 5.6 Cyclosporine —

P19 3.5 — MRD BM 4.3 Cyclosporine, MMF —

P21 3.5 ATG, FLU, TREO, rituximab MMRD PBSC 21.3 MMF V

P22 3.4 FLU, TREO MRD BM 16.1 Cyclosporine V

P24 4.9 ATG, BU, FLU MMRD PBSC 22.3 — —

P25 4.3 ATG, BU, FLU, BU MMRD PBSC 13.6 Cyclosporine V

P28 4 ATG, FLU, TREO MUD PBSC 5.06 Cyclosporine, MMF V

P30 4.2 ATG, FLU, TREO MUD PBSC 7.927 Cyclosporine, MMF V

P31 4.2 ATG, FLU, TREO MMRD BM 4.25 Cyclosporine, MMF V

ATG, antithymocyte globulin (or thymoglobulin); BM, bone marrow; BU, busulfan; CB, cord blood; CY, cyclophosphamide; FK, tacrolimus; FLU, fludarabine; MMF,
mycophenolate mofetil; MMRD, mismatched related donor; MMUD, mismatched unrelated donor; MRD, matched related donor; MUD, matched unrelated donor; NA, not
available; PBSC, peripheral blood stem cells; TMG, trimethylglycine; TREO, treosulfan.
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TABLE E11. Clinical follow-up after hematopoietic stem cell transplantation (HSCT) treatment

Patients

Short-term follow-up Long-term follow-up

Neutrophil

engraftment,

d

Febrile

episodes

Acute graft

versus host

disease

Other

complications

after HSCT

Intensive

care unit

hospitalization

Hospitalization

length, d

Follow-up,

mo

Severe

infections, n

Intravenous

immunoglobulin

treatment

Chronic graft

versus host

disease

Repeated

HSCT

Chimerism

(% donor) Outcome

P1 18 2 Skin — — 76 57 1 V — — 100% Alive and well

P2 12 1 — Oral lesion — 39 60 3 V — — 92% Alive and well

P3 3 1 — — — 32 54 3 V — Yes, graft
rejection

100% Alive and well

P5 20 1 — Mucositis; dyspnea;
HTN

— 63 54 — V — — 100% Alive and well

P6 10 6 — Tracheostomy owing
to severe tracheitis

V 126 42 3 V — — 30% Alive and well

P8 10 2 — HTN — 24 41 1 — — — 62% Alive and well

P9 14 2 — Neutropenia,
mucositis, HTN

— 45 22 1 V — — 100% Died

P10 3 0 — Blood transfusion 9
d after HSCT

— 21 24 1 — — — 100% Alive and well

P11 19 1 — — — 38 39 3 V — — 99% Alive and well

P12 18 2 Skin VOD, diarrhea V 50 39 — V — — 100% Alive and well

P13 23 1 — Neutropenia, feeding
difficulties

— 36 39 1 V — — 100% Alive and well

P15 10 0 — HTN — 33 29 3 V — — 60% Alive and well

P16 13 2 — — — 55 31 1 V — — 100% Alive and well

P17 11 0 — — — 25 31 2 — — — 82% Alive and well

P19 0 0 Skin,
gastrointestinal

tract

HTN — 55 24 3 V — — 32% Alive and well

P21 12 0 Skin,
gastrointestinal
tract, liver

— — 30 7 3 V — — 100% Died

P22 10 1 — — — 30 22 3 — V — 100% Alive, cGVHD

P24 12 1 — — — 32 9 1 — — — 94% Alive and well

P25 No
engraftment

Many — Bacteremia; hip and
buttocks skin and
soft tissue (fasciitis)

infection

— 71 15 2 — — Yes, engraftment
failure

74% Alive and well

P28 21 3 — — — 36 16 — — V resolved — 100% Alive and well

P30 13 1 — — — 28 14 3 V V — 66% Alive, cGVHD

P31 18 1 — Allergic reaction to
platelets with
pulmonary
congestion;
tachycardia

V 40 3 — V — — 68% Alive and well

cGVHD, chronic GVHD; HTN, hypertension; VOD, veno-occlusive disease.
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FIGURE E1. T cell repertoire variable b (TCRVb) repertoire analysis performed as part of validation testing for patients identified by
newborn screening program (n ¼ 124). The percentage of normal and abnormal results in the different diagnosed groups of patients is
shown. Normal results refer to a polyclonal repertoire. Not normal results refer to skewed, oligoclonal, or monoclonal repertoire. In some
cases, the test was not applicable owing to the absence of Tcells and refers to an abnormal repertoire. Not done (ND) refers to cases in
which the assay could not be performed for technical reasons.

FIGURE E2. Outcome of severe combined immunodeficiency (SCID) patients. HSCT, hematopoietic stem cell transplantation.
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