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SCID Newborn Screening: What we’ve learned

Robert Currier, PhD, Jennifer M Puck, MD

Division of Allergy, Immunology and Blood and Marrow Transplantation, Department of Pediatrics,
University of California San Francisco School of Medicine and UCSF Benioff Children’s Hospital
San Francisco, California

Abstract

Newborn screening for severe combined immunodeficiency (SCID), the most profound form of
primary immune system defects, has long been recognized as a measure that would decrease
morbidity and improve outcomes by helping patients avoid devastating infections and receive
prompt immune restoring therapy. The TREC test, developed in 2005, proved to be successful in
pilot studies starting in 2008-2010, and by 2019 all states in the USA had adopted versions of it in
their public health programs. Introduction of newborn screening for SCID, the first immune
disorder accepted for population-based screening, has drastically changed the presentation of this
disorder while providing important lessons for public health programs, immunologists and
transplanters.
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Introduction

In 2010, severe combined immunodeficiency (SCID) was added to the national list of
conditions for which newborn screening (NBS) should be conducted, called the
Recommended Uniform Screening Panel (RUSP), based on findings of the Advisory
Committee for Heritable Disorders of Newborns and Children to the Department of Health
and Human Services.! This marked a watershed in the diagnosis and treatment of SCID in
the United States. Indeed, by the end of 2018, NBS for SCID had been adopted by public
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health programs in all 50 states, the Navajo Nation and Puerto Rico. With NBS in place, the
overwhelming majority of infants with SCID are identified by screening instead of by the
classical presentation with infectious complications.

The case for SCID NBS arose from data showing improved survival of infants recognized by
a positive family history and treated with life-saving hematopoietic cell transplantation
(HCT) therapy within the first 3.5 months of life, compared to infants diagnosed and treated
later, after suffering increasingly severe and debilitating infections.2 SCID is caused by
mutations in any of over 20 genes governing the differentiation and proliferation of mature
lymphocyte lineages derived from hematopoietic stem cells (HSC) in the bone marrow.3
However, a large majority of SCID cases are sporadic, with no recognized family history to
prompt early diagnosis.# Infants with SCID appear healthy as newborns and, prior to SCID
NBS, were diagnosed only after frequent medical encounters for recurrent and persistent
infections, infections with opportunistic organisms, and/or failure to thrive. These non-
specific indications led to delays in recognition of the underlying cause and subsequent
delays in treatment, with HCT often performed only after the patient had acquired
devastating infections that compromised outcomes.®

In 2014, the newborn screening programs from 10 states and the Navajo Nation, which were
early to adopt SCID NBS, reported their pooled experience.® They found that the incidence
of SCID was 1/58,000, nearly double what had been estimated from previous studies.
Further, the survival of infants who received HCT, gene therapy (GT) or enzyme
replacement therapy, for adenosine deaminase (ADA) deficient SCID, was 92%, in contrast
with prior reports and current data of around 70% in a large European study of SCID HCT
without NBS.” An additional recent publication of results from screening over 3.2 million
infants in California confirmed a similar incidence of 1/65,000 births, with 96% survival.8
These and other publications have also addressed a range of non-SCID conditions that can
be found in infants who have an abnormal SCID NBS result, but do not have SCID.

As of this writing, multiple nations around the world have instituted population-wide NBS
for SCID, including New Zealand, Israel, Sweden and Germany, while others offer SCID
screening in limited areas or have published pre-implementation analyses and pilot studies,
all with enthusiastic support.2-14 Some programs point to particular local issues that make
TREC screening even more important, such as founder mutations or high rates of
consanguineous marriage. We review here what has been learned to date from the
development and implementation of SCID NBS.

The TREC assay

SCID screening was made possible by the fortuitous circumstance that a stable circular DNA
molecule, a T cell receptor excision circle (TREC), is generated during the normal process
of T cell receptor (TCR) diversification in the thymus.1> TRECs are a byproduct of
recombination of the genes encoding the cell surface receptors for antigen, which are
responsible for recognizing molecules held by major histocompatibility complexes on the
surface of antigen presenting cells. As thymocytes become mature T cells, the genes
encoding TCR subunits, which contain arrays of alternate variable (V) diversity (D) and
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joining (J) segments undergo a process of DNA rearrangement to bring unique combinations
of segments together to be joined with a constant region; when expressed, these VDJ
recombinant TCR genes encode highly diverse receptor molecules, generating T cells that
can bind to vast numbers of molecules encountered by the host. In the immature thymocytes,
VDJ recombination generates approximately 1011 different in-frame splice products that
express TCRs, but further recombination and selection reduces this population to around 3-9
x 10 different antigenic specificities among T cells in peripheral blood.

The excised DNA fragments of TCR genes that are not destined to be part of the mature
TCR locus are joined at their ends to form circular TRECs (Figure 1). Late in the maturation
program, 70% of the thymocytes that will ultimately express ap TCRs form one specific
circular DNA TREC, the 6Rec-yJa signal joint TREC, from the excised TCRS gene
(7CRD) that lies within the TCRa gene (7CRA) locus. TRECs are stable and are
maintained following cell divisions; but because they do not replicate, they become diluted
as T cells proliferate by mitotic division. A quantitative polymerase chain reaction (qPCR)
across the joint of the TREC, using primers indicated by the short arrows in Figure 1,
provides the TREC copy number, an indicator of new thymic emigrant T cells being
produced. Absent TRECSs suggest the inability to produce T cells due to any of a number of
mutations in genes required for the differentiation of T cells from hematopoietic stem cells.
The peripheral blood of infants with SCID will be devoid of T cells and have very low or
undetectable TRECs.18 Testing laboratories empirically select a cutoff value for TRECs
below which referral to an immunologist for follow-up testing is indicated. This cutoff must
be set to include nearly all typical SCID and even leaky or hypomorphic SCID cases, while
also minimizing false positives. Now that a large number of programs have instituted TREC
testing we have learned that initial cutoff values were invariably too high, resulting in
excessive referrals; reduction of cutoffs to achieve optimal screening test specificity can take
place without losing actual SCID cases.817

TREC suitability as a newborn screening test

NBS tests in public health programs, like all population screening tests, need to meet
established criteria regarding public health need, performance, laboratory methodology, and
economic impact. The basic principles of population screening, outlined by Wilson and
Jungner in 1968,18 were formulated to guide attempts to identify the small number of
individuals within a large population who are at sufficiently high risk for a disease to justify
referral for diagnostic testing. A successful screening test must find almost all of the target
disease within the population; that is, it will have a very high sensitivity. At the same time, it
is necessary not to refer too large a percentage of the general population for diagnostic
testing; the specificity must also be high. From the perspective of health system utilization, it
is important that the diagnostic specialists’ time not be overrun with false positive cases.
Ideally, the positive predictive value of the test should be very high.

The laboratory criteria for NBS testing are similarly based on the need for streamlined
processing. The specimens need to be transported from the birth hospitals to the central
laboratory, so the specimen needs to be sufficiently stable for the analysis to be accurate.
NBS programs have predominantly relied on dried blood spots (DBS) on filter paper
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(Guthrie cards) as the specimen of choice. In addition to uniformity and ease of sample
collection, the DBS is easy to transport and stable essentially indefinitely if stored under
desiccation at —20° C. The largest NBS programs need to test hundreds, or even thousands,
of specimens each day. Due to the high throughput, appropriate tests need to be capable of
automation with rapid run times. An economic criterion is that the expense of the test, both
in fixed costs for personnel and equipment and incremental, per-test costs, must be very low,
since the overall test volume is large.

The TREC assay is based on gPCR for the DNA sequence representing the joining of the
circular TCR excision fragment. After excluding tests for which the DNA amplification fails
entirely, as demonstrated by the failure of control genomic DNA (either an actin or RNaseP
gene segment) to amplify, this assay is highly specific. The technology is sufficiently mature
that commercially available Kits are available, for use either with existing PCR equipment or
with equipment provided.

While TREC testing required introduction of DNA analysis as a primary screening modality
for the first time, we have learned that this platform is not limited to TRECs. A benefit of the
adoption of DNA extraction and gPCR technology by NBS laboratories has been the ease of
further expansion to other disorders that can be detected by well-characterized sequences
and are also deemed appropriate for NBS.19:20 Recently, spinal muscular atrophy (SMA),
caused by homozygous deletion of exon 7 of the SMN/I (survival motor neuron one) gene,
was added to the RUSP for NBS. The test uses DNA from DBS to detect the two single
nucleotide differences between the sequences of SMN/Z, the functionally impaired gene in
SMA, and SMNZ, a very close homologue in which one madified nucleotide causes the
omission of exon 7 in the spliced transcript.

Follow-up for abnormal TREC test results

The interpretation of TREC results in the California NBS program are summarized in Table
1; every program has developed individual interpretation algorithms and cutoffs, but overall
approaches are similar. In California and many programs, the first TREC qPCR run does not
include the control gene (actin or RNaseP), primarily for cost-saving reasons. If the initial
TREC value is below the program cutoff, the analysis is repeated using the same DBS
specimen, this time including the control gene. In this second analysis, if the control gene
does not amplify, it is necessary to get a new DBS specimen. If the control gene does
amplify but the TREC value remains low, the infant will be flagged for further testing, which
in California is performed as a follow-on test within the program. Most NBS programs also
have an “Urgent positive” cutoff for DBS with undetectable or very low TREC numbers, but
satisfactory amplification of control DNA (Table 1). Infants with Urgent positive values are
at very high risk for SCID, and consequently, their follow-up is expedited. Infants who
appear healthy, but who have Urgent positive TREC results, are referred immediately for
lymphocyte subset determination by flow cytometry and evaluation by a specialist in
pediatric immunology. Apparently healthy infants with a positive, but not urgent TREC
result are also referred.
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Low birthweight, preterm and ill infants cared for in a neonatal intensive care unit (NICU)
have higher rates of false positives or unacceptable results for all NBS tests for a variety of
reasons; in the recent California report NICUs accounted for only 9% of births, but were the
source of 47% of TREC tests that were positive or had poor control DNA amplification,
even after obtaining a repeat DBS.8 Many NBS programs have a policy of routine collection
of a second NBS specimen from infants in the NICU after two weeks (Table 1). Some also
collect a third specimen at 28 days. Waiting to collect the second specimen allows the
infant’s immune system time to mature, with the possibility of normalized TREC values.
Extremely preterm and low birth weight infants have lower numbers of lymphocytes than
term infants, so low TREC values in this group may simply indicate prematurity.

The follow-on test for infants who fail to have normal TREC results is a complete blood
count, differential count and lymphocyte subsets by flow cytometry, including naive and
memory phenotype helper and cytotoxic T cells as well as B and NK cells. Because a liquid
blood sample is required, infants who are no longer hospitalized must be recalled to a
phlebotomy center for this level of testing. Flow cytometry may diagnose SCID
immediately, but further testing of T cell function with lymphocyte proliferation assays and
determination of maternal engraftment of T cells, as well as gene sequencing, are generally
required to establish a specific form of SCID.

Ideally, flow cytometry testing should be coordinated by the NBS program, as is done in
California. We have learned that there are several advantages of this, compared to screening
programs that stop being involved after reporting out abnormal TREC results. Most
important, because NBS should be viewed not merely as a zest, but as a program to identify
infants with serious, treatable disease, there is a public health interest to make sure all
infants with SCID receive care from appropriate specialists without delay. If programs do
not include a standard level of flow cytometry testing, some infants, notably those from
disadvantaged families or who live in rural areas, may encounter delays for insurance
authorization or may receive testing that is not optimally informative and requires further
iterations and more time to make a diagnosis. It is also important for NBS programs to work
closely with a network of pediatric immunologists who have expertise in newborns and who
understand the importance of controlling health care costs. Some physicians may feel it
necessary to order thousands of dollars’ worth of tests at a first visit, most of which will
prove unnecessary since at least half of infants with positive TREC tests will have normal
flow cytometry. Uniformity of testing and interpretation of results across the program is
essential not only to assure that infants with abnormal TREC screens receive prompt, high
quality care, but also to allow the program to track results and outcomes, making
adjustments as needed for quality improvement.

The fraction of TREC-positive infants determined to have insufficient T cells has ranged
from 35% to nearly 100%,® depending on both the NBS program TREC cutoffs and the
definitions of T cell leukopenia (TCL) applied by specialists. While some consider any T
cell number below the reference range for term infants (~2250 to 2500/ul) to represent TCL,
the California program restricts significant TCL to be 1500 or fewer T cells/ul as long as
naive T cells are present. The referral rate for this degree of TCL in California has been only
1 per 15,000 births. Experience has proven this cutoff, linked to the health intervention of
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live vaccine avoidance, to work very well. Live attenuated rotavirus vaccine, an otherwise
important public health measure for infants in the first six months of life, has caused severe
diarrhea in infants with SCID;2! therefore, the California immunologists working with the
SCID NBS program consider it medically prudent to withhold this vaccine for all infants
with fewer than 1500 T cells/ul and to evaluate these infants for the presence of not only
SCID, but other conditions with T cell insufficiency.

After several years of recording lymphocyte data from the NBS program, we have been able
to analyze data from over 300 infants with initial false positive TREC screens who proved to
have no immune disorder upon follow-up. This permitted us to establish reference ranges for
lymphocyte subsets of otherwise healthy preterm and low birthweight infants.22 We found
that the absolute numbers of lymphocytes, T cells, T cell subsets, and B cells, increase with
increasing gestational age and with birth weight, while NK cells rise only modestly. The
relative percentages of the subsets remain essentially constant, making percentages less
informative for tracking progress than absolute numbers. Notably, the multivariate analysis
that was made possible by the large number of infants in this study revealed that after
accounting for gestational age and birth weight there were no differences in lymphocyte
values between California infants of different racial or ethnic backgrounds.22

Etiology of T-cell lymphopenia in TREC-positive newborns

SCID

The primary target of TREC screening is SCID, but the TREC test identifies infants with
low TRECs and low T cells from any cause, summarized in Figure 2. In addition to SCID,
categories of infants with medically significant non-SCID TCL identified by TREC
screening include genetic syndromes associated with T cell impairment; excess losses of T
cells or suppression of T cell maturation; preterm birth alone; and idiopathic TCL, with no
identified cause.

The occurrence of the different SCID genotypes among newborn screened infants in the
California experience is shown in Table 2 with a summary of their treatments and outcomes.
8 While all genotypes of typical SCID have had absent or very low TRECs and T cells, B
cells and NK may be present, with distinctive gene-associated lymphocyte profiles according
to their respective damaged lymphocyte differentiation pathways, as reviewed elsewhere.23
In about 20% of SCID cases (Figure 2, left) hypomorphic mutations in SCID genes led to
leaky SCID, including Omenn syndrome. Spontaneous engraftment of maternal T cells was
also associated with higher T cell numbers than seen in typical SCID, but leaky SCID and
maternal engraftment are almost always associated with positive TREC screens because the
T cells have undergone antigen stimulation and expansion, diluting their TRECs
exponentially with each division.5:15.16.23.24 \fery rare cases of late-onset SCID have been
missed by the TREC newborn screen, including two among 3.2 million California infants
screened. Their initial TREC values were over three times the cutoff level,8 so no upward
adjustment of the TREC cutoff would have allowed their detection. There are known
hypomorphic mutations in several SCID genes that cause these late-onset, incomplete
deficiencies. Individuals with the most mild ADA, /IL2RG, RAGI and RAGZ mutations may
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not present until adulthood, and presumably may have sufficient TRECs at birth to escape
identification by NBS.257

The 94% survival rate of California NBS SCID following treatment is outstanding compared
to historical controls or to populations without newborn screening,” but the three deaths in
Table 2 remind us that challenges remain. In two fatalities, infection with cytomegalovirus
(CMV) was involved, most likely acquired postnatally from intermittent virus shed in
breastmilk of mothers who had experienced remote CMV infection. Even the short time
between the NBS sample collection in the nursery and documentation of SCID by flow
cytometry was sufficient for CMV infection to be established, and despite aggressive
treatment this virus is difficult or impossible to control in infants lacking T cell immunity.
Two fatalities were also linked to hepatic sinusoidal obstruction syndrome (SOS), a
complication of chematherapy with busulfan given for pre-transplant conditioning (one
infant who died had both CMS and SOS). SOS can be minimized by pharmacokinetic
targeting of exposure, essential for treating young infants with this agent because of its
highly variable metabolism in those under 6 months of age.28:2° Important lessons from
these deaths are twofold: 1) SCID should be regarded as a condition that requires most
urgent management, including immediate measures to avoid CMV infection; and 2) for NBS
to be fully effective, very young, very small infants with SCID are best treated in highly
specialized pediatric transplant centers with experience and access to the latest information
regarding SCID treatment.

Only 5 (10%) of the patients had a matched sibling donor (MSC), the ideal donor for HCT.
Therefore, definitive lifesaving treatment for SCID is most often HCT from an alternative
allogeneic donor, or, if available, autologous transplantation of gene corrected cells, to date
available only in experimental clinical trials in the USA. Of the many genes that, when
mutated, are associated with SCID3 the most commonly implicated (28% of California
SCID cases, Table 2) is the X-linked interleukin-2 receptor (gamma) chain (/L2RG), in
which T cells are absent, but intrinsically dysfunctional B cells are present.8:30-32 |n
agreement with the multicenter findings of the Primary Immune Deficiency Treatment
Consortium (PIDTC),3%:31 T cell recovery in X-linked SCID was regularly achieved with
HCT from a variety of donors, but recovery of B cell function was uncommon after
mismatched related donor HCT (usually with T-depleted cells from a parent without
chemotherapy); all of 6 California infants receiving this treatment are likely to be dependent
on lifelong IgG infusion therapy. In contrast, HCT from a matched unrelated donor (MUD)
after preparative chemotherapy could lead to both B and T cell recovery, but this approach
had the risk of toxicity from high dose chemotherapy, which proved fatal in one infant. The
newer gene therapy option of targeted low-exposure busulfan followed by transplantation
with autologous HSC transduced with a self-inactivating gene therapy vector, appears safe
and promising, with at least two California infants to date fully immune reconstituted and
off of 1gG infusions.8:33 The vectors used in current trials have been redesigned for safety
following the initial trials in France and England that were marred by vector-related T cell
leukemias.34:35

The next most common genetic form of SCID after X-linked SCID was ADA deficiency
(18% of California cases). Consistent with the systemic nature of this metabolic defect of
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purine salvage, infants with ADA SCID had, in addition to very low T, B, and NK cell
numbers, neutropenia and low monocytes; further, they tended to have lower birth weights
than other infants with SCID or healthy infants.8:36 Only with NBS for SCID did these very
early features become apparent, as past reports lacked data close to the time of birth and
were confounded in many instances by infectious complications that had occurred prior to
diagnosis. Gene therapy for ADA SCID has become successful, as shown by the full
immune reconstitution of all 8 infants given this treatment, generally after a “bridge”
treatment period with injections of the ADA enzyme conjugated to polyethylene glycol.
ADA was the original SCID genotype for which retroviral gene addition to autologous cells
was attempted over four decades ago. With extensive technological evolution and the
realization that low exposure chemotherapy was needed for durable, multi-lineage
lymphocyte correction, gene therapy is now the treatment of choice for ADA SCID,
particularly because success with HCT using donors other than matched siblings has not
been satisfactory.36

The third most common defective gene in SCID cases is recombination activating gene 1
(RAG1I), instrumental for the generation of the immune receptor repertoire. Infants with this
form of SCID lack T and B cells, but have NK cells. Many of these infants have some level
of T cell production; that is, they have leaky SCID. In Omenn syndrome, most commonly
due to RAG1/2 defects, a small oligoclonal T cell pool expands dramatically, causing
adenopathy, infiltrative erythroderma rashes and hepatosplenomegaly. Nonetheless, because
TRECs are not replicated when T cells undergo mitosis, the number of TRECs in these
infants is small, giving a positive NBS result.

Genetic syndromes

More than 14 genetic syndromes have been identified in newborns with positive TREC
screening results, accounting for a third of all positive SCID NBS results (Figure 2).68 The
most common by far is DiGeorge syndrome, usually due to heterozygous interstitial deletion
of chromosome 22¢11.2,%:8:37.38 found in 47 (66%) of the 71 syndromic TCL infants in the
California series (Figure 2). Four of these 47 had complete DiGeorge syndrome treated by
allogeneic thymus implantation.8 The next most common syndrome was trisomy 21 in eight
infants (38%). CHARGE syndrome (coloboma of the eye, heart defect, atresia choanae,
restricted growth and development, genital abnormality, and ear abnormality) and diabetic
embryopathy8:39 (each with three cases), were also among the multisystem syndromes
detected by NBS as having TCL. These syndromes have variable immune presentation, and
many cases are identified due to congenital heart disease or other clinical features before the
TREC result is available, although one study found that over half of DiGeorge syndrome
cases identified by NBS had no prior recognition of the diagnosis.3” In contrast, ataxia
telangiectasia, diagnosed in five California infants (7%) with positive SCID NBS, was never
suspected before the clinical follow-up of the positive TREC result.840 This progressive
disorder due to mutations of a DNA repair enzyme is characterized by cerebellar ataxia,
neurodegeneration, ocular telangiectasia, variable T cell dysfunction and increased risk of
lymphoma and other malignancies, but manifestations are absent in early infancy. Even the
early indicator of increased alpha fetoprotein cannot be measured meaningfully until fetal
levels wane, at around 6 months of age; after positive NBS, however, sequencing of the
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ataxia mutated gene (A7TM) in an otherwise healthy appearing infant with low TRECs on
NBS can establish the diagnosis of ataxia telangiectasia and permit early avoidance of X-ray
exposure, anti-infectious prophylaxis, and family counseling regarding reproductive and
cancer risks.#0:41 Other extremely rare syndromes identified in California and elsewhere as
having low TRECs on NBS include CLOVES syndrome (congenital lipomatous overgrowth,
vascular and skeletal malformations, epidermal nevi); Cornelia de Lange syndrome;*2
DOCKS deficiency;*3 EXTL3 deficiency with TCL, immuno-skeletal dysplasia and
neurodevelopmental abnormalities;** Fryns syndrome (multiple anomalies with
diaphragmatic defects and lung maldevelopment); Kabuki syndrome;*®> Nijmegen breakage
syndrome;*6 Noonan syndrome (congenital heart disease, characteristic facial and physical
features, short stature); and RAC2 immunodeficiency (affecting neutrophils and
lymphocytes).4

In some instances, these primary immune diseases were unknown before NBS for SCID and
were identified only upon whole exome sequencing of newborns and their parents, followed
by functional confirmatory studies in vitro or with animal models.4447:48 Furthermore,
because NBS is a population-level assessment, it can shed light on the proportion of
individuals with these syndromes who have low T cell numbers at birth.40

T cell lymphopenia secondary to medical problems

The low T cells detected by the SCID NBS screen may be caused by anatomical or tissue
abnormalities leading to vascular leakage, including congenital heart disease, hydrops,
chylous effusion, gastroschisis, third-space fluid leakage, intestinal atresia and meconium
ileus.8:849.50 Syrgical or medical correction, or spontaneous resolution of the underlying
defect leads to improvement of secondary T cell lymphopenia, which accounts for 12% of
positive TREC screens (Figure 2). Teratoma of the thymus or thymoma in the newborn can
present with a peripheral blood picture resembling SCID, but can resolve to normal after
removal of the tumor. Similarly, neonatal leukemia with extensive infiltration of the bone
marrow can suppress normal maturation of lymphocytes as well platelets and red blood
cells, but recovery of the bone marrow can occur following successful treatment.

Maternal conditions and drugs given during pregnancy can also lead to positive TREC NBS
and secondary TCL in the newborn. Maternal immunosuppressive therapy may be required
during pregnancy to manage autoimmune diseases such as ulcerative colitis or Chron
disease, lupus, rheumatoid arthritis and multiple sclerosis; maternal malignancy may also
require urgent treatment before the infant can be delivered safely. Mycophenylate mofetil,
methotrexate, azathioprine or 6-mercaptopurine given to mothers during pregnancy can
cause transient TCL in infants.8:51 One infant, whose pregnant mother had received
treatment for multiple sclerosis with fingolimod, a sphingosine-1-phosphate receptor
modulator that sequesters lymphocytes in lymph nodes, had one TREC on NBS and a
lymphocyte profile of T- B+ NK+ SCID with only 126 T cells/pl.8 However, the infant’s
cells had normal proliferation to phytohemagglutinin, and with no treatment there were 1049
T cells/ul one week later and 2263 T cells/ul at 8 weeks of age. Fingolimod is a class C
medication, meaning it is not to be given to women unless they are using effective
contraception; indeed, the history was not immediately revealed to this baby’s immunology
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team, emphasizing the importance of building relationships between medical providers and
parents of infants identified through NBS and of not rushing to HCT for SCID without first
assessing T cell function. With increasing use of monoclonal antibody biologics to treat
autoimmune disease, providers caring for infants with TCL need to recognize which ones
may cross the placenta and affect the immune system of the fetus and newborn infant.

T cell lymphopenia can be associated with preterm birth, particularly in infants born before
33 weeks’ gestation and/or with birth weights under 800 g (16% of positive TREC screens,
Figure 2). In general, the T cell numbers of these infants improve with time, approaching a
normal level when the effective gestational age (gestational age at birth plus postnatal age)
reaches 40 weeks.22 Serial measurements of lymphocytes, including naive and memory CD4
and CD8 T cell subsets and total T and B cells showed steady increases over time, with less
maturational rise of NK cells. However, we do not suggest that NBS programs modify their
interpretation of TREC values or lymphocyte subsets based on gestational age at birth, birth
weight, or NICU status.

Idiopathic T-cell lymphopenia

The final category of non-SCID TCL includes cases for which no explanation can be found
during the follow-up evaluation. The California series had 55 cases of idiopathic TCL upon
first report to the screening program (Table 3), but further information obtained over time
often revealed an underlying diagnosis. Figure 2 shows the status of infants at the time of the
report by Amatuni et al.8 with 33 cases (only 15% of all NBS positives) remaining without a
diagnosis; but even further study, including whole exome and whole genome sequencing
(WES and WGS) followed by functional studies of genetic variants is expected to explain
further cases in the future. For example, WES in a few infants with abnormal TREC screens
and TCL has revealed heterozygous variants in the FOXNI (forkhead box N1) transcription
factor gene, in which homozygous pathogenic mutations have caused a SCID phenotype
with athymia as well as alopecia.>2->* Full understanding of which variants are damaging
and the mechanism of their interference with T cell development will require further study.
Moreover, the clinical course of the infants with idiopathic TCL has been instructive. Of
those with available follow-up, T cells in approximately half improved or normalized with
time, while half remained T lymphopenic. One child with persistent TCL and transfusion-
dependent anemia with no proven underlying genotype required allogeneic HCT at age 3,
and has achieved engraftment with functional T cells.5® Others, however, have remained
healthy without recurrent infections. Continued follow-up is recommended for this group of
children. They have already taught us about several previously unknown genes that are
critical for lymphocyte development, leading to better understanding of immune system
developmental processes.

Future directions

SCID NBS has proven to be an effective means to improve outcomes for affected infants,
but several issues demand further attention. Many countries have not yet implemented
population-wide TREC NBS, and even in the USA, where all state public health programs
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now include SCID in their panels of NBS diseases, there is no consensus on best practices
for screening and follow-up despite over 10 years of experience. Centralized recording of
outcomes is lacking in many programs, and many geographical areas do not have a nearby
pediatric immunology center with expertise in treatment of these rare diseases. Even experts
disagree about the best approaches to HCT, including how to make space in the bone
marrow niches for donor HSCs with minimal toxicity from chemotherapy. The PIDTC,
having already established that different SCID genotypes must be treated individually,>®
aims to establish best treatments with natural history studies and current and future clinical
trials.5’

Infections, most notably CMV, have emerged as a significant cause of morbidity and
mortality in infants with SCID despite NBS. Shortening the time required for screening and
confirmatory testing may decrease the risk of acquiring CMV from breastmilk and allow for
cessation of nursing and institution of prophylactic treatment for infants of CMV
seropositive mothers. Although there are antiviral agents with activity against CMV, some
have significant toxicities while others are not yet approved for use in very young infants.
Furthermore, drug resistant strains are recognized, and resistance can develop during
therapy, which must be continued until T cell immune reconstitution is achieved. More
information about CMV prevention and treatment in SCID is needed.>8

Finally, SCID NBS with TRECs fails to detect 100% of the infants with immune defects
who would benefit from presymptomatic diagnosis. As mentioned above, there are very rare
hypomorphic variants in SCID genes (/L2RG, ADA, RAG1/2) that result in a sufficiently
leaky phenotype to escape detection by the TREC assay. Individuals with these variants
come to clinical attention in childhood or even early adulthood with immune deficiency
and/or dysregulation. Delayed onset or late onset ADA SCID may be identified by a
biochemical assay of adenosine and 2’-deoxyadenosine,2® and individuals with RAG
hypomorphic variants may have low or absent B cell kappa chain receptor excision circles
(KRECsS). B cell immunoglobulin genes undergo recombination analogous to that in T cells,
also producing circular DNA byproducts. A gPCR assay for KRECs can be multiplexed with
the TREC assay, as demonstrated by several pilot studies and adoption of TREC/KREC
screening in Israel, Sweden, Iran and Switzerland.>%-62 KREC screening could also detect
primary immunodeficiencies affecting B cells at birth. The best known of these is X-linked
agammaglobulinemia (XLA) resulting from a defect in the B7K gene, but autosomal
recessive agammaglobulinemia (ARA) is also recognized, for which there are several
genotypes.3 XLA and ARA are even more rare than SCID, and although they are not as
lethal in early life if untreated, it is widely considered that early diagnosis and institution of
immunoglobulin replacement therapy would lessen their morbidity and mortality. KREC
NBS will not identify the most common B cell defects that are collectively known as
common variable immunodeficiency, which develops later in life. Like all new screening
tests, KREC NBS requires further studies to manage cutoff points for optimal detection of
disease while minimizing false positive results.

There are many additional serious primary immunodeficiency and immune dysregulatory
diseases that are not detectable by absence of TRECs or KRECs, but would benefit from
early diagnosis and intervention if a suitable newborn screening test could be devised.
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Unfortunately, biomarkers leading to tests for these disorders have not been discovered to
date. The increased utilization of WES and WGS as diagnostic tests for individuals who are
already symptomatic raises the question of whether deep sequencing could also be applied in
a screening context. However, at this time sequencing without the hint of a phenotype is
unlikely to be successful due to: 1) the extreme rarity of individual primary immune defects;
2) the plethora of rare and private mutations that cause disease combined with our inability
to distinguish them from the vast numbers of inconsequential genomic variants; and 3) our
incomplete knowledge of the gene expression landscape underlying disease pathogenesis. A
recent study comparing WES to the current biochemical testing for metabolic inborn errors
showed that sequencing and analysis to have unacceptable false negative and false positive
rates for use as a primary screening tool.%3
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What Do We Know about Newborn Screening for SCID?

. TREC:s are a highly relevant biomarker for indicating insufficiency of a
diverse repertoire of new T cells.

. TRECs are readily assayed using DNA extracted from dried blood spots
obtained for newborn screening.

. Absent or low TRECs in newborns can identify essentially all cases of typical
SCID.
. Population based newborn screening for SCID optimizes ascertainment and

survival, giving affected infants prompt access to specialized care.

. SCID newborn screening decreases incidence of infections prior to definitive
therapy.
. In addition to finding SCID, TREC based newborn screening flags infants

with significant syndromic or secondary non-SCID T cell insufficiencies and
a small proportion of infants with idiopathic T lymphopenia.

. As with all newborn screened disorders, very rare infants (2 in over 3 million
births in California) with leaky or hypomorphic mutations in SCID genes
have normal TREC results at birth and present with symptoms only later in
life.

What Is Still Unknown about Newborn Screening for SCID?

. Best methods to provide SCID infants with complete, durable immune
function and avoid treatment-related toxicity are not agreed upon and vary
according to genotype.

. New, promising approaches, including gene addition therapy, gene editing and
targeted conditioning with anti-stem-cell monoclonal antibodies are
promising, but not yet standard of care.

. Avoiding exposure to infections, particularly CMYV, remains challenging, with
best practices and prophylactic medications not defined.

. Management of non-SCID T lymphopenic conditions is highly variable and
requires standardization.

. Many other primary immune defects that could benefit from screening lack
suitably sensitive and specific tests.
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Figure 1. Generation of the §Rec-yJa TREC.
The germ line configuration of the TCRA locus, with TCRD embedded, is shown at the top

of the Figure, which also shows the signal and joining sequences (gray circles) at which the
DNA is cut to excise the TCRD locus. The DNA segment excised is shown in its linear
form, lower left, and following ligation at the fragment ends, lower right, to forma T cell
receptor excision circle (TREC). PCR primers (black arrows) can amplify a short DNA
segment containing the joined ends of the circle.
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Figure 2. Causes of T cell lymphopenia in 212 infants.
Included were 50 with typical or leaky SCID (including Omenn syndrome); 72 with a final

diagnosis of a syndrome or single gene disorder associated with T cell impairment (of whom
22 were undiagnosed for several months or more); 25 with congenital conditions associated
with secondary TCL; 33 with preterm birth alone; and 33 for whom no underlying defect
was identified.

@ Includes 3 cases of diabetic embryopathy, and one each of CLOVES syndrome (congenital
lipomatous, overgrowth, vascular malformations, epidermal nevi and skeletal anomalies),
EXTL3 deficiency (immunoskeletal dysplasia with neurodevelopmental abnormalities),
Fryns syndrome (multiple anomalies with diaphragmatic defects), Nijmegen breakage
syndrome (DNA repair defect in NBN causing immune defects, microcephaly, short stature
and malignancy), Noonan syndrome (congenital heart disease, characteristic facial and
physical features, short stature), and RAC2 deficiency (a non-SCID primary
immunodeficiency affecting neutrophils and lymphocytes).

b Includes 2 cases of maternal immunosuppressive medication (azathioprine, fingolimod)
and one case of neonatal teratoma of the thymus.

¢ Infants with TCL associated with preterm birth alone, grouped by birth weight.
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Table 1:

TREC test results, interpretation and actions required in the California SCID NBS program.a

Page 20

TREC copy Actin control | TREC test Action required
number copy interpretation
number
>18/ulb N/AC Normal No further action.
Undetectable or <4/l >35/ulb Urgent positive Immediate callback for liquid blood for lymphocyte subsets.d
4-18/ul, infant not in Nicu® >35/ul Positive Callback for liquid blood for lymphocyte subsets.d
4-18/ul, infant in NICU N/A Incomplete Second DBS test in 2 weeks or at discharge from nursery; after 2
incomplete tests, liquid blood for lymphocyte subsets.

aModified from ref. 8, Amatuni et al.

bTREC and actin copies/pl of peripheral blood equivalent, using EnLite™ TREC kit (PerkinElmer).

c . . I
Not applicable; actin not reported if initial TREC value normal.

dLymphocyte subsets included as part of the NBS program in California.

e . . .
Neonatal intensive care unit.
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Table 2.

Page 21

Forty-nine infants with SCID detected by TREC screening in CA. Genotypes, treatments and outcomes

SCID Number of b
genotype (%) typical and Outcome after treatment
leaky cases® Died post- T and B cell T but not B cell
HCT, cause recovery recovery, still on 1gG
IL2RG (28%) 14 Typical c a 5 (2 Cond MUD, 2 GT, 1 Cond MUD 8 (6 MMRD, 1 Cond
1(CMV", S037) after GT) e
MUD", 1 GT after
MMRD)
ADA (18%) 8 Typical, 1 Leaky 0 9 (8 GT, 1 MSD) 0
RAGI (16%) 2 Typical, 6 Leaky (3 1 (SOS) 6 (1 Cond MSD, 5 Cond MMRD) 1 (Cond MMRD)
Omenn)
IL7R (12%) 6 Typical 0 6 (4 MMRD, 1 MUD, 1 Cond MSD 0
after MSD)
JAK3 (6%) 3 Typical 0 2 (1 Cond MSD, 1 Cond MUD) 1 (MMRD)
RAGZ (6%) 2 Typical, 1 Leaky 0 3 (1 MsD, 2 Cond MUD) 0
BCL11B (2%) 1 Leaky 0 1 (Cond MUD) 0
RMRP (2%) 1 Leaky 0 1 (Cond MUD) 0
Unknown (8%) 3 Typical, 1 Leaky 1(CMV) 2 (Cond MUD) 1 (Cond MUD)

aCriteria from PIDTC for typical SCID and leaky SCID; Omenn syndrome, a subset of leaky SCID, includes erythroderma rash, adenopathy,
oligocloal T cell expansion, eosinophilia, and elevated IgE.

bTreatments: GT, gene therapy with low dose busulfan followed by autologous CD34+ bone marrow cells transduced with a correct copy of the

mutated gene (/L2RG or ADA); MMRD, mismatched related donor (usually haploidentical parent); MSD, matched sibling donor; MUD, matched

adult or cord blood unrelated donor. Cond, pretransplant chemotherapy conditioning with busulfan and in some instances fludarabine or other

agents.

c A .
Cytomegalovirus infection.

d L . .
Post-transplant hepatic sinusoidal obstruction syndrome after busulfan chemotherapy.

eOne patient left USA after conditioned MUD HCT and reconstitution; not known if still on IgG.
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Page 22

Table 3:

Outcomes of 55 NBS cases of T cell lymphopenia initially classified as idiopathic.®

Outcome Number of | Diagnosis, Comments
infants

Received a diagnosis of a syndrome or 22 9 DiGeorge 5 AT 3 diabetic embryopathy 2 CHARGE 1 each NBS, EXTL3,

single gene disorder affecting T cells RAC2

TCL resolved to normal range for age 11 In good health at last contact 1 in utero stress; maternal viral infection in late
pregnancy

TCL improving at last contact 2 In good health

Persistent TCL 13 1 HCT for low T cells and anemia 1 healthy but with nail dystrophy,
heterozygous FOXNI variant Others in good health

Died 1 Respiratory failure

Status unknown 6 Lost to follow-up
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