1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Author manuscript
Ann N'Y Acad Sci. Author manuscript; available in PMC 2015 June 19.

-, HHS Public Access
«

Published in final edited form as:
Ann N Y Acad <ci. 2011 December ; 1246: 108-117. d0i:10.1111/].1749-6632.2011.06346.X.

The case for newborn screening for severe combined
immunodeficiency and related disorders

Jennifer M. Puck
Department of Pediatrics, University of California San Francisco, and UCSF Benioff Children’s
Hospital, San Francisco, California

Abstract

Early detection of primary immunodeficiency is recognized as important for avoiding infectious
complications that compromise outcomes. In particular, severe combined immunodeficiency
(SCID) is fatal in infancy unless affected infants can be diagnosed before the onset of devastating
infections and provided with an immune system through allogenic hematopoietic cell
transplantation, enzyme replacement, or gene therapy. A biomarker of normal T cell development,
T cell receptor excision circles (TRECSs), can be measured in DNA isolated from the dried blood
spots routinely obtained for newborn screening; infants identified as lacking TRECs can thus
receive confirmatory testing and prompt intervention. Early results of TREC testing of newborns
in five states indicate that this addition to the newborn screening panel can be successfully
integrated into state public health programs. A variety of cases with typical SCID genotypes and
other T lymphocytopenic conditions have been detected in a timely manner and referred for
appropriate early treatment.
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Introduction

Population-based newborn screening began with a test for phenylketonuria (PKU)
developed by Robert Guthrie in 19631 following the demonstration that a phenylalanine
restricted diet instituted early in life can prevent serious neurodevelopmental impairment in
children lacking phenylalanine hydroxylase. PKU was identified in neonates by finding
elevated phenylalanine levels in drops of infant blood obtained by heelstick and applied to
filter paper. Dried blood spot testing needed to be done in standardized laboratories, and
infants with abnormal tests had to be contacted promptly and directed to metabolic disease
specialists for dietary management. In the United States these tasks have been instituted,
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supported, and directed by each state’s public health program. Newborn screening efforts
have grown as additional rare, but treatable conditions have been recognized that can be
successfully identified by sensitive, specific, and inexpensive tests. Up to 50 or more
metabolic disorders, hypothyroidism, and hemoglobinopathies have now been incorporated
into dried blood spot testing of newborns in most states, and nursery-based tests to screen
for deafness are also performed.2

Recently, severe combined immunodeficiency (SCID) has become the first genetic disorder
of the immune system to be amenable to newborn screening. SCID and related conditions
with low numbers of T lymphocytes can be identified by testing T cell receptor excision
circles (TRECs), a DNA biomarker of normal T lymphocyte development, in dried blood
spots routinely obtained for screening for other conditions. Coincidentally, the technology
for SCID screening was developed at the same time as a new national oversight process was
being rolled out to provide evidence-based assessments of new conditions proposed for
addition to state newborn screening panels of tests. SCID became the first disease hominated
to the national advisory committee that was reviewed and unanimously recommended for
inclusion in the evidence-based uniform screening panel. SCID is also the first newborn
screening test for which the primary analyte is DNA. This review summarizes the current
case for SCID newborn screening, presenting evidence available before it was undertaken
and now that early results are available from statewide pilot programs, as well as future
challenges that remain to be addressed.

Evidence for adding SCID to the panel of newborn screening tests

The U.S. Advisory Committee on Heritable Disorders in Newborns and Children was
established in part to work toward uniform, evidence-based newborn screening in what has
traditionally been a patchwork of individual state programs.3 The Advisory Committee’s
mandate is to solicit nominations of conditions to be added to newborn screening;
consideration of each nominated condition includes an independent review of evidence by
public health experts and input from knowledgeable physicians and stakeholders such as
family advocacy groups. Upon weighing the evidence and arriving at a determination, the
Committee reports to the Department of Health and Human Services (DHHS) Secretary.
SCID was first nominated in 2008, and evidence was assembled and reported in 2009 and
again in 2010, at which time it was considered strong enough to merit a unanimous
favorable recommendation.# Secretary of Health and Human Services Kathleen Sibelius
accepted the recommendation and formally endorsed SCID screening in May 2010.

SCID is a collection of over 20 distinct genetic disorders characterized by profound defects
in both cellular immunity and specific antibody production (Table 1). It is estimated to occur
in 1 per 50,000 to 1 per 100,000 births, although true population incidence has been
unknown prior to screening.4-10 All SCID infants have absent or extremely low production
of T lymphocytes from the thymus, while some also have deficiencies of B cells, NK cells
or both. Although there are individual exceptions, SCID genotypes have characteristic
profiles of lymphocyte impairment, as shown in Table 1, which also gives rough estimates
of relative frequency. The combined defects of T and B cells, plus absent NK cells in some
forms of SCID, severely compromise an infant’s ability to resist infections, and the
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condition has thus been clinically defined since early descriptions by failure to thrive,
thrush, Pneumocystis jiroveci pneumonia, and other bacterial, fungal, and viral infections.

The rationale for SCID newborn screening, outlined in Table 2, derives from our knowledge
that SCID is potentially treatable, but is not recognized effectively prior to onset of
devastating infections. Although treatment modalities have improved in the last four
decades, SCID morbidity and mortality remain high. Affected infants do not survive unless
provided with functional immunity, but this can be achieved by hematopoietic cell
transplantation (HCT) from a healthy donor,® by enzyme replacement in cases of adenosine
deaminase (ADA) deficiency,® and (although still experimental) by gene therapy for X-
linked and ADA deficient SCID.8" Infants with SCID are healthy at birth, initially protected
by transplacentally derived maternal 1gG antibodies; but persistent, severe, and opportunistic
infections typically develop by age four to seven months. Repeated observations have shown
superior outcomes in SCID infants diagnosed at a young age, particularly those fortunate
enough to have an affected relative to alert health providers of the diagnosis.>8:11.12

The first suggestion that screening infants for low lymphocytes could identify SCID in time
for lifesaving treatment was by Buckley et al. in 1997.8 Further retrospective analysis of
cases treated by Buckley at Duke,! and recently in England,12 have underlined the better
survival of SCID infants diagnosed before developing infections. However, although these
reports showed a clear benefit for early diagnosis, they were limited to the potentially biased
population of SCID infants admitted to specialized immunodeficiency transplant centers. A
family-based survey by the Immune Deficiency Foundation and Chan et al. found even
more striking differences due to the higher mortality of SCID infants not recognized at birth;
half of the deceased infants in this study were either not diagnosed pre-mortem or were too
ill to be transferred to a center for specialized treatment.13 Furthermore, confirmation that
>80% of SCID infants were the first known to be affected in their family indicated that
family history taking alone would not be sufficient to lead to identification of most SCID
cases.

Mathematical modeling by two independent methods has also shown that a sensitive,
specific, and economical newborn screening test for SCID would be likely to be cost
effective.1415

Another important development was the institution, beginning in 2006, of live attenuated
vaccination of young infants against rotavirus infection, an important cause of infant
diarrhea and dehydration leading to hospitalization and mortality. Infants receive two to
three doses of rotavirus vaccine starting as early as six weeks to two months of age. Infants
affected with SCID whose diagnosis had not been recognized and who unintentionally
received the vaccination have developed severe diarrheal disease proven to be caused by the
vaccine strain of rotavirus.16:17 While the vaccine is specifically contraindicated in infants
with immune compromise, there is no way to know whether a healthy-appearing infant at
that age has SCID, other than by performing an immunological blood test. Newborn
screening for SCID thus has become an important consideration to balance the public health
benefit of protection from diarrhea against the harm of vaccine-strain rotavirus infection that
occurs in rare infants lacking immunity.
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The TREC test for SCID using newborn dried blood spots

A breakthrough for the actualization of population-based newborn screening for SCID was
the development of a screening test that could be performed using the dried blood spot
samples already collected by state screening laboratories for routine newborn screening for
other conditions. Early proposed screening methods included absolute lymphocyte count
(requiring a separate liquid blood sample),811 IL-7 immunoassay,9 bead-bound antibody-
based detection of T cell proteins CD3, CD4, and the leukocyte marker CD5,18 and gene
resequencing microarrays.19 However, to date the only assay with adequate sensitivity and
specificity for dried blood spot use is the TREC assay, first published in 2005 by Chan and
Puck.20 Late in maturation, 70% of thymocytes that will ultimately express af T cell
receptors form a circular DNA TREC from the excised TCRS gene that lies within the
TCRa locus.?! TRECs are stable because they lack free DNA ends to be attacked by DNA
digesting enzymes, but because they have no origin of replication they do not increase in
number when cells divide. Thus the TREC copy number, which can be measured by
performing a quantitative PCR reaction across the joint of the circular TREC DNA, is an
indicator of newly formed thymic emigrant T cells.

The frequency of TREC-bearing T cells in peripheral blood diminishes as newly formed T
cells are diluted by T cells that have undergone mitosis. Normal newborns have a high rate
of new T cell production, resulting in TREC numbers at about 10% of their total T cell
numbers; in contrast older children and adults have progressively lower ratios of TRECs to
T cells, reflecting peripheral T cell expansion.?! Infants with SCID, sampled both at the time
of their SCID diagnosis and upon recovery of neonatal dried blood spots obtained when they
were in the nursery, have very low or undetectable TRECs (Fig. 1, Table 3).2922 Even
maternal T cells present in the circulation of an infant with SCID do not falsely raise the
TREC count to the normal range because maternal cells have very few TRECs. Thus, a
normal number of TRECs is an excellent biomarker for new autologous T cell production,
provided the DNA is adequate for PCR (shown by amplification of a control, such as a
segment of the B-actin gene).

Initiation of SCID screening programs

Although the TREC test in dried blood spots was a promising biomarker for insufficient T
cell production, and retrospective analysis indicated that typical SCID cases would have
been found by TREC screening had it been done in the past (Fig. 1), actual prospective tests
in the field were required to establish clinical validity. The TREC test was first scaled up
and adapted to a statewide newborn screening format by Baker et al. in Wisconsin.23 Other
states, including Massachusetts, devised their own adaptations of this assay.242° Each state
tailored its TREC screening according to individual program structure and requirements. A
clinical study of TREC screening was also undertaken in selected hospitals on the Navajo
Indian Reservation, because Navajo Native Americans are known to have a high rate of
SCID (about 1 in 2,000 births) due to a founder mutation in the DCLRE1C (Artemis) gene.26
The Centers for Disease Control and Prevention developed standards to be offered as
unknowns for quality control and calibration purposes. Consideration of the performance of
TREC newborn screening as well as available clinical data described above led to the
recommendations for universal adoption of SCID newborn screening.
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The Wisconsin program, which began in 2008, was recently described.?® In the first year, in
which 70,000 infants were screened, several were found with low T cell numbers, and one
had a combined lymphocyte and granulocyte disorder, RAC2 deficiency, treated
successfully by bone marrow transplantation.

Larger numbers of births and experience from additional state newborn screening programs
would be needed to demonstrate clinical utility of SCID newborn screening. California, with
over 500,000 births per year and a very diverse population, began its development program
of statewide TREC screening in August 2010; a bill has now been passed and signed into
law to make SCID a permanent addition to the California newborn screening panel. This
state’s SCID screening algorithm is shown in Figure 2. A TREC quantitative PCR similar to
those of Chan and Puck and the Wisconsin program is followed by a p-actin gene PCR
control only if the TREC number is inadequate. If both TREC and control DNA copy
numbers are below cutoff values after two separate DNA extractions, the sample is
considered a “DNA amplification failure” (DAF), and a second heel stick is requested from
the baby. Preterm and ill infants in intensive care units have modified DAF cutoff values.
All samples with undetectable or below cutoff TRECs and adequate control PCR are
considered positive. Infants with a positive screening test result or two DAF samples require
second tier testing with T cell enumeration.

An important feature of SCID screening in California is that a liquid blood sample following
the positive screening result is an integral part of the program. Area service center staff work
with providers and families so that blood is rapidly obtained at newborn blood drawing
stations throughout the state that have been established for metabolic disease follow-up, and
all samples are sent to a single central laboratory (Quest Nichols Institute, San Juan
Capistrano, CA) for a complete blood count, differential count, and a specified flow
cytometry panel of lymphocyte subset markers including naive and memory T cell markers.
All results are interpreted by two designated immunodeficiency consultants for the program.
In this centralized system infants receive a definitive diagnosis and are referred to a center of
excellence for further management.

The performance of the TREC test in Wisconsin, Massachusetts, and California has been
excellent to date, with no missed SCID cases that have come to light. The California
experience is summarized in Table 3. There have been very few DAF samples necessitating
a second heelstick, 1 per 1,250 births. Only 50 infants required a liquid blood sample (1 per
10,000 births); of these, 40% proved to have true T lymphocytopenia, indicating that TRECs
recovered from blood spots are, as predicted, an excellent T cell biomarker. All infants with
T lymphocytopenia were under the care of a primary immunodeficiency expert by one
month of age (J. Puck and F. Lorey, unpublished information). The data in Table 3 suggest
an incidence of typical SCID of 1 per 70,000 births, within the range of 1 per 50,000
100,000 estimated before screening began. Tracking of cases by race and ethnicity has
suggested a somewhat higher rate than expected of T lymphocytopenia among Hispanics,
and the large and diverse population of California will make possible assessment of rates
between different ancestral groups. Compared to SCID and Omenn syndrome with seven
cases, about twice as many cases of non-SCID T lymphocytopenia have been found.
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Conditions that may be detected by newborn screening

The states that perform SCID newborn screening have successfully identified a range of
typical SCID and other T lymphocytopenic conditions that would not otherwise have been
identified before the onset of serious infections (Tables 3). The first case of typical SCID
due to JAK3 deficiency was reported from Massachusetts after screening 100,000 infants.2’
In addition to typical SCID, SCID-related disorders are increasingly appreciated, as reported
by the early Wisconsin experience.?® It is clear that more data will be needed to understand
the full range of conditions detected. Not only the total incidence but also the relative
incidence in different population subgroups remains to be defined. The conditions with low
or absent TRECs fall into five categories (Table 4):28-31 (A) Typical SCID is defined by the
Primary Immune Deficiency Treatment Consortium (PIDTC) as fewer than 300 autologous
T cells/uL of peripheral blood (normal infants have 2,250 to 5,000/uL) and less than 10% of
normal T cell proliferation to the mitogen PHA.32:33 (B) Leaky SCID, which has no
maternal engraftment and T cells ranging from 300-1,500/uL, may have a later age of onset
of clinical symptoms or may present in infancy as Omenn syndrome (defined by
erythroderma rash, adenopathy, and oligoclonal, poorly functioning T cells, due to
hypomorphic mutations in RAG1, RAG2 or other known SCID genes). (C) Variant SCID is
defined as the absence of a known SCID gene defect and 300-1,500 autologous T cells/uL
with impaired responses to mitogens. (D) Multisystem syndromes with T cell defects have a
wide spectrum of T cell dysgenesis. Those with severely affected T cell production are
expected to have positive TREC screens, while others with the same syndrome but more
normal T cells will not be detected. In several instances infants with these syndromes have
been found to have abnormally low TRECs (Table 4D). DiGeorge syndrome, usually
associated with chromosome 22q.11 deletion; trisomy 21; and CHARGE syndrome (with
ocular coloboma, heart defect, atresia of nasal choanae, retardation of growth and
development, genitourinary abnormality, and ear abnormality) can all present with life-
threatening infections in infancy due to T cell deficiency and have been identified by
neonatal TREC screening.28-30 In addition, RAC2 deficiency, previously known only as a
granulocyte disorder, was diagnosed following newborn screening with low TRECs and T
lymphocytopenia,?8 as was Jacobsen syndrome associated with terminal deletions of
chromosome 11q24. Siblings affected with DOCKS8 deficient hyper-IgE syndrome with
lymphocytopenia had undetectable TRECs during childhood, though newborn samples have
not yet been available.3! Finally, (E) secondary T cell defects are characterized by acquired
conditions with increased T cell loss. These include congenital heart defects, neonatal
leukemia, lymphocyte loss by extravasation or third spacing, lymphangiectasia and possibly
congenital HIV infection. Some of the secondary defects, such as lymphocytopenia
associated with extreme low birthweight, may resolve over time. We expect that previously
unrecognized conditions will come to light with screening. Furthermore, we recognize that
many primary immunodeficiency diseases will not be detectable through TREC screening,
and it is important to educate providers to remain alert for signs of these conditions in
patients who have been screened.
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Remaining challenges

Screening for SCID is a matter of fairness, access, and early awareness, designed to give all
affected infants the advantages of early diagnosis and treatment that have previously been
available primarily to families with means and second-born affected children. Parents in
such families may have already lost an infant whose SCID diagnosis was delayed or
unrecognized. However, in order for the case for newborn screening to be completely
compelling, a seamless progression from prenatal education to screening to definitive
diagnosis to optimal treatment must be established. This goal is challenging even for large
states with centers of excellence in pediatric immunology and bone marrow transplantation;
smaller states or those without such centers will have to consider regional collaborations and
referrals of their SCID cases to treatment centers beyond their borders.

How best to perform HCT treatment in SCID to achieve maximum survival, minimal
toxicity and B cell as well as T cell reconstitution remains controversial. In the absence of
compelling data from well controlled multicenter trials, opinions remain divided as to
whether cytoreductive or ablative versus no chemotherapy conditioning should be used, and
what source of donor hematopoietic stem cells are best, among other questions.32-34
Although HCT provides reliable T cell immunity for SCID, B cell recovery remains
problematic, and some transplants may not be durable over many years. Pre-transplantation
conditioning does not guarantee that B cell function will develop; therefore, one must decide
whether there is justification for using agents that compromise innate immunity and have
intrinsic toxicities to gain B cell immune reconstitution. Pharmacokinetic studies of
chemotherapy drugs commonly used in older children and adults have not been done in
infants, and risks judged acceptable for patients with lethal malignancies may not be prudent
for young, healthy infants with SCID detected by newborn screening. The risks of delaying
treatment and exposing infants to infection pending a search for a matched unrelated donor
must be balanced against the option of performing a T cell-depleted haploidentical HCT
from a parent. Even the laboratory workup essential for very small infants with SCID is
controversial, since blood tests may cause anemia, requiring transfusions. Centers that
perform HCT for children with malignant disease cannot be assumed to have the specialized
knowledge and experience required for optimal success with HCT for SCID. Fortunately a
national rare disease network, the PIDTC has been funded by the National Institutes of
Health to conduct prospective studies of SCID treatments and outcomes, and eventually
multicenter clinical treatment trials will identify the best approaches for each individual
SCID genotype.32:33

Convincing states to add a disease to their newborn screening panel requires a coalition of
immunologists, geneticists, parent advocates, nonprofit agencies, public health officials, and
politicians. In times of financial restraint, state officials are asking for proof that SCID
screening is cost effective. While it is widely believed that early diagnosis of SCID and
related disorders through screening will save lives and also lead to savings in medical care
dollars, population-based proof of better outcomes and lower costs through screening
remains to be shown. Such proof will take time to acquire as states accumulate data from
screening and outcome tracking. Beyond TREC testing for newborns states will need to
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have programs to assure that expert diagnostic follow-up and treatment are available to
infants with positive screening results.

Finally, current controversies surrounding the collection, testing, storage, and use of dried
blood spots from infants by state newborn screening programs highlight the need for better
outreach and education regarding the public health benefits of newborn screening. States
need to be sure that their policies are clear and consistent,3° and better information needs to
be transmitted to the public, perhaps by better linking of prenatal obstetrical care and
counseling to postnatal newborn screening, particularly as DNA-based testing, started with
TREC testing for SCID, becomes more widespread.38 Raising public awareness of rare
disorders, including primary immunodeficiencies, is also an important activity in support of
early diagnosis through newborn screening.37

SCID screening is justified because early identification is associated with higher survival
rate and better outcome. Newborn screening for SCID is being adopted by an increasing
number of state public health programs following its successful initiation in Wisconsin,
followed by Massachusetts, California, New York, Louisiana, and Puerto Rico. Colorado,
Connecticut, and Michigan as well as additional states are beginning to screen infants for
SCID. Classic SCID, leaky SCID, and Omenn syndrome as well as additional known
disorders with T lymphocytopenia have been found, as well as cases with low T cell
production of unknown cause. For the population as a whole and for groups of distinct
ancestry or ethnicity, newborn screening will make it possible for the first time to determine
the true incidence and spectrum of SCID and related disorders.
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Figure 1.
Copy number detected in actual nursery dried blood samples, recovered from state screening

laboratories and tested by quantitative PCR of TRECs (0) and a control genomic DNA
segment from the B-actin gene (x). Copy number is normalized to the amount of DNA
isolated from a 3 mm punch from a dried blood filter, which is equivalent to about 3 uL of
blood (J. Puck, unpublished data).
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CALIFORNIA SCID NEWBORN SCREENING
TREC Test and Follow Up (puck and Lorey, 11/2011)

Actin >5000

Initial
TREC
Assay

*TREC and Actin copies per ul. of blood, assuming each 1/8” punch Refer to Primary
of dried blood filter represents 3 ul. of blood Immune Center

Figure 2.
California algorithm for newborn screening and follow-up for SCID and related conditions.

TREC and B-actin gene PCR adapted by PerkinElmer for the California Genetic Disease
Screening Program. Values expressed as copies per 1 pL of blood (J. Puck, J. Church, and F.
Lorey, unpublished data).
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Table 2

Rationale for newborn screening for SCID

Importance of early identification

Establish diagnosis and institute immediate lifesaving treatment

Avoid inefficient, costly, dangerous “diagnostic Odyssey”

Provide families with genetic diagnosis and advice on reproductive risks

Learn incidence and true spectrum of SCID

Educate providers and public about SCID

Permit multicenter collaborative trials to determine optimal treatments
Barriers to early diagnosis without screening

SCID is rare

Infections are common in all infants, not just those with SCID

Over 80% of cases are sporadic, with no family history

Family history can be missed, or nonspecific

SCID infants are protected by maternal IgG for their first months of life

Because both a gene defect and environmental exposure are required for overt disease, presentation is variable
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Table 3

Summary of California TREC screening experience in the first year

. 507,000 births screened

DNA amplification failures (DAF), <0.08%, requiring second heelstick®
Comparable to other newborn screening assays
56% were <1,500 g at birth
44% had first sample drawn from an indwelling catheter, not a heelstick
84% were in neonatal intensive care units at time of collection
. 50 positive tests, 0.01% of births, required CBC and lymphocyte flow cytometry
. 20 follow-up liquid blood samples, 40%, had low T cells confirmed by CBC and flow cytometry

. Diagnoses made:

6 SCIDP
2 IL-TRA
2 RAG1

2 Common vy-chain

1 Omenn syndromeC€ due to missense mutations of RAG2
3 SCID variant with no known gene defect
4 Syndromes with T lymphocytopenia
3 DiGeorge (1 complete)
1 Trisomy 21
6 Secondary T lymphocytopenia
2 Gastroschesis
1 Gastrointestinal atresia

3 Prematurity

a_. - — . . .

Since all non-SCID screening is done first in regional labs, with samples then forwarded to a central lab for TREC testing, most newborns were
two weeks old when the TREC result was available. When a SCID-specific repeat heelstick was needed, older age usually resulted in a normal
TREC value on redraw.

bOnIy one SCID case had a positive family history leading to testing at birth.

CSigns of Omenn syndrome in the first weeks of life had led to the diagnosis just before the TREC test was reported.
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Table 4

Conditions detected by low or absent TRECs

Typical SCID (see Table 1)
Leaky SCID, due to incomplete (hypomorphic) mutation(s) in a typical SCID gene

Variant SCID, with no known gene defect and persistence of 300-1,500 T cells/uL that have impaired function

oo w>»

Syndromes with variably affected cellular immunity that may be severe
Complete DiGeorge syndrome@
Partial DiGeorge syndrome with low T lymphocytes&
CHARGE syndrome?&
Jacobsen syndrome@
Trisomy 212
RAC2 dominant interfering mutation®

DOCKS deficient hyper-1gE syndromeb
Cartilage hair hypoplasia
E.  Secondary T lymphocytopenia

Cardiac surgery with thymectomy@

Neonatal leukemia&

Gastroschesis®

Third spacing®

Extreme prematurity (resolves to normal with time)@

HIV (severe prenatal infection with newborn lymphocytopenia, hypothesized)

a A . . .
Observed to have low or absent TRECs upon newborn screening in one or more cases to date in U.S. pilot programs or published reports.

b . . . .
Observed to have low or absent TRECs in one or more cases after diagnosis; newborn samples not available.
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