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Purpose of review

Newborn screening for T-cell deficiency is ongoing in two states, and the published
results of 1 year of screening in Wisconsin are favorable. In this review, the history,
methodology, results, challenges, and future direction of screening are discussed.
Recent findings

As a concept, newborn blood screening (NBS) has evolved from the detection of
elevated levels of phenylalanine on filter paper to the application of DNA-based
technologies to identify T-cell lymphopenia in infants with severe combined
immunodeficiency (SCID). After diagnosis by NBS, one infant with SCID received a
hematopoietic stem cell transplant (HSCT), and several others are currently undergoing
evaluation for HSCT. The utility of NBS for T-cell deficiency is dependent on the NBS
program to define a rigorous screening protocol, ensure seamless follow-up of all
identified infants, and demand a renewed emphasis on the training of future clinical
immunologists to care for these patients. DNA-based NBS assays are currently being
evaluated to identify infants with other serious diseases.

Summary

Newborn screening for T-cell deficiency has ushered in a new era in the detection of
infants with primary immunodeficiencies.
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Introduction

In 1963, Guthrie [1] demonstrated that postnatal testing
of dried blood spots (DBS) on filter paper led to the
identification and treatment of infants prior to the devel-
opment of cognitive deficits associated with phenylke-
tonuria (PKU). This newborn blood screening (NBS) test
was easy to perform, inexpensive, and was eventually
performed in all states.

The application of tandem mass spectrometry led to the
ability to simultaneously screen for multiple disorders [2].
Expanded screening programs developed, with some
states screening for almost 50 conditions [3]. Recently,
the advent of DNA-based technologies has again shifted
the paradigm of NBS, resulting in the potential to con-
currently screen for numerous disorders.

Criteria for inclusion of newborn screening
tests

Although the opportunity to screen for an ever-increasing
number of conditions exists, recommendations for NBS
have continually emphasized the importance of objec-
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tives similar to those in Guthrie’s initial PKU screen.
The disorder of interest must be well characterized by
defined confirmatory tests; affect a sufficient population
of infants; be undetectable by routine examination at
birth; result in devastating effects if not detected and
treated early; and have a well defined, disease-altering
treatment. The screening test must have high sensitivity
and specificity, demonstrate a positive, population-based
economic cost-benefit analysis, pose a low risk to the
infant, and include resources and provisions for patient
follow-up [4-6]. To date, 51 NBS programs exist inde-
pendently, in all states and the District of Columbia, and
there is wide variation in the practices of each program

[7].

Development of the T-cell receptor excision
circle assay for the detection of severe
combined immunodeficiency

Severe combined immunodeficiency (SCID) is a disorder
caused by a variety of genetic defects that manifest with
extreme susceptibility to life threatening infections in
infancy due to severe defects in both cellular and humoral
immunity. Regardless of the underlying genetic defect,
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2 Primary immune deficiency disease

all subtypes of SCID are defined by a deficiency of T
cells. Studies show that early diagnosis and treatment of
infants with SCID prior to the development of infections
are critical to survival. Effective treatments for SCID
include hematopoietic stem cell transplant (HSCT),
gene therapy, or enzyme replacement [8,9]. In an attempt
to facilitate the early diagnosis and treatment of affected
infants, newborn screening for SCID became an attrac-
tive option.

Initial screening tests for SCID were based on the detec-
tion of peripheral blood lymphopenia. However, quanti-
fication of peripheral blood lymphocyte counts may fail
to identify some infants with SCID due to the presence
of normal B-cell or natural killer (NK)-cell numbers,
maternal engraftment of T cells, and/or expansion of
few T-cell clonotypes [10,11]. In addition, complete
blood counts are expensive and do not utilize preexisting
NBS cards, making this test unsuitable for mass screen-
ing. Enumeration of naive T'-cells by the detection of
T-cell receptor excision circles (TRECs) by real-time
quantitative polymerase chain reaction (RT-qPCR) over-
comes these obstacles (Fig. 1). TRECs are episomal,
circular DNA fragments generated during the sequential
rearrangement of V, D, and ] segments of T'-cell receptor
(TCR) genes. These circular DNA pieces do not repli-
cate and are therefore only present in T cells that have
recently emigrated from the thymus. A specific delta-
deleted segment of the T'CR gene, 8Rec-{Ja, was ident-
ified as a reliable surrogate marker for the numbers of
naive recent thymic T-cell emigrants, as it is rearranged
in over 70% of o/B T cells [12].

In 2005, the TREC assay was adapted to detect SCID via
RT-qPCR analysis of DNA extracted from DBS on NBS

Figure 1 Schematic representation of T-cell receptor excision
circle formation
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Rearrangement of the T-cell receptor (TCR) gene yields the formation of
a circular piece of DNA, the T-cell receptor excision circle.

cards [13]. Morinishi ¢ a/. [14°] demonstrated that the
TREC assay would detect SCID regardless of its genetic
cause. Investigators in Wisconsin further refined the
TREC assay and demonstrated that it was highly sensi-
tive and specific for SCID, cost-effective, reproducible,
and amenable to high-throughput population-based test-
ing [15°]. In 2008, Wisconsin became the first state to
implement mandatory newborn screening for T-cell
deficiency. Massachusetts followed in February 2009,
offering an optional, pilot newborn screening assay for
SCID [16].

Newborn screening algorithm for T-cell
deficiency

The Wisconsin NBS program uses an algorithm based on
data from the large-scale pilot study. The algorithm
involves three tiers of screening: detection of TRECs
in DBS from NBS cards; confirmatory SCID flow cyto-
metry assay for lymphocyte subset analysis; and referral
to a clinical immunologist (Fig. 2) [17°]. It should be
stressed that an abnormal TREC assay leads to flow
cytometry screening only in infants with a gestational
age of [or a corrected gestational age (CGA) equivalent
to] 37 weeks or more. Premature infants continue to
undergo periodic screening until the CGA is equivalent
to 37 weeks or more; after that time, follow-up for an
abnormal result occurs as per the algorithm for full-term
infants. This practice is in accordance with the standard
operating procedure for NBS in the state of Wisconsin, and
significantly reduces the number of false positive tests.

Following an abnormal TREC result, the physician of
record is notified and a confirmatory SCID flow cytometry
assay is arranged. This assay is limited in scope to reduce
costs and enumerates the number of T cells, NK cells,
and B cells. In addition, since maternally engrafted T
cells or expansion of few T-cell clonotypes can increase
T-cell numbers within the normal range, the percentages
of naive and memory T cells are determined by the
expression of CD45RA and CD45RO, markers of naive
and memory T cells, respectively. If the flow cytometry
assay reveals normal lymphocyte subset numbers and
percentages, a normal report is issued and no further
testing is required. If the assay is abnormal, arrangements
are made to have the infant referred to a clinical immu-
nologist for further evaluation.

Initial results of screening in Wisconsin

During the first year of statewide screening for T-cell
deficiency (2008), a total of 71000 neonates were
screened. Seventeen neonates with a CGA equivalent
to 37 weeks or more were ultimately diagnosed with an
abnormal TREC assay. In four infants, the physicians
elected to repeat the TREC assay, which was normal; one
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Figure 2 Wisconsin newborn screening algorithm for T-cell deficiency
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All infants born in Wisconsin are screened first by the T-cell receptor excision circle assay. If indicated, a confirmatory severe combined
immunodeficiency (SCID) flow cytometry assay is used to determine lymphocyte subset numbers. Referral to a clinical immunologist (not shown)
is arranged if the SCID flow cytometry assay is abnormal. NBS indicates newborn blood screening; TRECs, T-cell receptor excision circles; PCP,

primary care physician. Reproduced with permission from [17°].

infant died of a disease unrelated to SCID; and one
infant’s parents refused further testing. Thus, the sec-
ond-tier SCID flow cytometry assay was performed on a
surprisingly small number of infants (z=11). The flow
cytometry results were normal in three infants and
revealed significant T-cell lymphopenia in the remainder
of the infants (22q11.2 deletion syndrome, 7= 2; third-
spacing of lymphocytes secondary to anatomic lymphatic
abnormality, » = 3; idiopathic T-cell lymphopenia, 7 = 3).

T'wo points of these results should be emphasized:
despite the paucity of abnormal TREC and SCID flow
cytometry assays, no known case of SCID was missed by
NBS during 2008, and the test was highly specific for T-
cell lymphopenia regardless of etiology.

Of the three cases of idiopathic T-cell lymphopenia, one
infant was clinically suspicious for 22q11.2 deletion syn-
drome due to the presence of a cleft palate. Testing was
ultimately negative for a 22q microdeletion, and this
infant’s T-cell counts improved over time. A second
infant had an isolated T-cell deficiency, with normal
B-cell and NK-cell subsets. Interestingly, this male
patient’s older sister (born prior to the TREC NBS assay)
also had T-cell lymphopenia as determined by flow
cytometry. This girl has had both recurrent and oppor-
tunistic infections, and failure to thrive due to an inflam-
matory enteropathy. The boy has been treated with

prophylactic gammaglobulin replacement and antibiotics
and has not had opportunistic infections. However, both
siblings continue to have significant T-cell lymphopenia
with virtually no TRECs in the peripheral blood and are
undergoing evaluation for HSCT. The third child with
idiopathic T-cell lymphopenia was ultimately diagnosed
with a dominant negative mutation in the RacZ protein
after developing omphalitis and a paratracheal abscess,
and underwent a successful HSC'T. These cases illustrate
the inherent power of the TREC assay to detect other
combined immunodeficiencies that have associated low
T-cell numbers, in addition to SCID [17°].

Clinical and diagnostic dilemmas of newborn
screening for T-cell deficiency

Although the results-to-date of NBS for T'-cell deficiency
are promising, several issues remain. As noted previously,
determination of the NBS algorithm requires special
consideration for the screening of premature infants.
Premature infants (<37 weeks CGA) naturally have
fewer naive T-cells at birth than their full-term counter-
parts [18]. Additionally, interventions to decrease mor-
bidity in premature infants, such as the administration of
maternal steroids to promote fetal lung maturation, result
in lower numbers of naive T-cells [19]. However, no data
have been published on TREC reference ranges for
premature infants. Until further information is available,
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4 Primary immune deficiency disease

it is important that all NBS programs have safeguards to
ensure repeat testing for premature infants with incon-
clusive or abnormal results, at least until they reach a full-

term CGA.

Even more challenging are cases such as the infants with
profound T-cell lymphopenia, where persistent severe
T-cell deficiency is detected in the absence of an iden-
tifiable underlying genetic disorder or characteristic
phenotype. Historically, the detection of SCID and other
severe forms of immunodeficiency has been guided by
the presence or absence of certain types of infection. In
identifying infants prior to the development of these
sequelae, the etiology of some cases of T-cell lympho-
penia is difficult to interpret, particularly when the
infant’s laboratory phenotype does not clinically
resemble a specific diagnosis. For example, if a child
has undetectable T cells on flow cytometry, and does not
have complete 22q11.2 deletion syndrome, the diagnosis
is relatively straightforward. However, in a child with
severely depressed but detectable naive T-cell counts
without a history of infection, it is considerably more
difficult to recommend HSCT, particularly when a
genetic diagnosis is not available. It is also unclear how
long patients should be monitored for regression of
developmental lymphopenia, or what absolute T-cell
count is necessary to prevent life-threatening infections.
The powerful ability of NBS to detect infants prior to the
development of a characteristic clinical phenotype
necessitates the need for accurate, efficient ways to
determine an underlying genetic diagnosis. Accordingly,
an efficient algorithm must be developed to identify the
genetic defect in infants that fail NBS for T-cell
deficiency. The classic candidate gene approach can take
months or years, and this approach only identifies known
causes of T-cell lymphopenia, and does not account for
unexpected presentations of known genetic defects. Pre-
viously cost-prohibitive technologies, such as genomic
sequencing, are becoming realistic alternatives to tradi-
tional diagnostic methods; these technologies, however,
present an entirely separate set of ethical questions that
warrant full consideration [20,21].

Systematic challenges to newborn screening
for T-cell deficiency

NBS for T-cell deficiency is currently underway in Wis-
consin and Massachusetts, and the results to date are
encouraging. Successful implementation of these screen-
ing programs is largely a result of the NBS infrastructure
in these states, and this raises key issues for states not
currently performing DNA-based screening. The posi-
tive outcomes of detecting infants with T-cell deficiency
are necessarily dependent on two resource-driven factors:
the ability for each state to implement the screening assay
on a population basis and the assurance that adequate

clinical care can be provided once the diagnosis of T-cell
deficiency is made [22°].

Presently, individual states bear the financial burden of
each NBS test performed. This burden includes not
only the costs of developing, running, and maintaining
a NBS laboratory, but also the personnel costs in report-
ing the test results and securing follow-up as needed. A
feasible solution to this problem would be the use of a
regional, or even nationwide, NBS consortium. States in
a specific geographic area could send NBS samples to a
centralized testing facility and results could be reported
back to the state of origination. This would alleviate a
great deal of the individual state burden, and facilitate
NBS for conditions that might otherwise be superseded
by other funding priorities. Indeed, other countries reg-
ularly utilize regional and even nationwide NBS pro-
grams for specific conditions, often with improved results
compared with the decentralized programs previously in
place. For example, France’s implementation of nation-
wide screening for cystic fibrosis (CF) in 2002 facilitated
the formation of nationwide CF care centers, and
allowed further optimization of their screening test

[23].

No issue seems more relevant to the fundamental goal of
NBS than ensuring there are sufficient numbers of
trained clinical immunologists to evaluate and follow
all infants identified as having T-cell deficiency. Based
on data from the Wisconsin NBS program in 2008, 11/
71000 infants (0.00015% of those screened) had abnormal
results requiring formal evaluation by a clinical immu-
nologist; this may not be feasible in all states. For this
reason, protocols for NBS for T-cell deficiency require an
inherent referral strategy, which might include consul-
tation with clinicians outside the referring state. With
monitoring of outcomes over time, this process could
potentially lead to the designation of specific ‘Centers
of Excellence’ in the treatment of primary immunodefi-
ciencies, a title that would benefit the care of patients of
all ages. Furthermore, the low prevalence and phenotypic
variability of patients with T-cell deficiency necessitates
collaboration to ensure proper diagnosis and manage-
ment. De-identified patient data registries have the
power of effectively increasing each individual clinician’s
reference population, among their other beneficial uses,
and can facilitate the continual development of detailed
best-practice guidelines [24].

Future directions of newborn screening for
primary immune deficiency diseases

In January 2010, the Advisory Committee on Heritable
Disorders in Newborns and Children, a group established
to advise the Secretary of Health and Human Services,
unanimously voted to recommend universal newborn
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screening for T-cell deficiency/SCID, their first recom-
mendation since the committee’s inception in 2005 [25].
On 21 May 2010, Secretary Kathleen Sebelius accepted
this recommendation, adding NBS for SCID to the
national core panel of newborn screening tests [26].
Looking forward, DNA-based NBS using multiplexed
assays could theoretically screen for hundreds of
additional conditions with a similar base cost and time-
frame as the TREC assay. NBS for 22q11.2 deletion
syndrome is currently under investigation, and a recent
paper showed that relative Gene Copy Number (rGCN)
detection had 100% sensitivity and specificity for the
detection of 22q11.2 deletions in 361 blinded samples
tested [27]. If multiplexed to the TREC assay, the
22q11.2 assay screening for SCID and 22q11.2 deletion
syndrome could be performed concomitantly, screening
for both conditions with a single sample. Whether NBS is
the appropriate approach for any given disorder, however,
is a discussion that requires input from a wide variety of
sources, such as bioethicists, families of affected children,
and members of the medical team.

Conclusion

NBS for T-cell deficiency is a revolutionary DNA-based
approach to the diagnosis of SCID and other primary
immunodeficiencies. Further applications of this tech-
nology will require careful logistic and ethical consider-
ations; however, the possibility of detecting infants with
serious conditions prior to the development of adverse
outcomes is strongly promising, and compels further
investigation.
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