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Abstract

Purpose of Review This review provides a brief history of newborn screening (NBS) for severe combined immunodeficiency
(SCID), discusses the theoretical basis for the T cell receptor excision circle (TREC) assay, highlights the results of recent studies
using the TREC, and provides practical advice for the evaluation of infants with an abnormal TREC assay.

Recent Findings Currently, all but three states perform NBS for SCID in the USA. NBS using the TREC assay is highly sensitive
in identifying infants with SCID and may also identify infants with T cell lymphopenia due to other causes such as congenital
syndromes, multiple congenital anamolies, and some combined immunodeficiencies.

Summary Regardless of the genetic etiology, all forms of SCID are characterized by a severe deficiency of naive T cells. TRECs
are a biomarker of newly formed, naive T cells that have recently left the thymus. Consequently, the TREC assay identifies infants
with SCID and other causes of severe T cell lymphopenia.
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qRT-PCR Quantitative, real-time polymerase chain
reaction

RUSP Recommended Uniform Screening Panel
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Introduction

Severe combined immunodeficiency (SCID) is a genetically
heterogeneous set of diseases caused by mutations in one of
several genes involved in T cell receptor (TCR) DNA
rearrangement/repair (RAG1, RAG2, LIG4, DCLREIC,
NHEJ, PRKCD), DNA synthesis/metabolism (ADA, AK2,
PNP), or TCR signaling (PTPRC, IL2RG, JAK3, IL7RA,
CDE, CDZ, CORO1A) [1]. In all forms of SCID, there is a
marked decrease in the production of naive T cells, which
leads to a combined humoral and cellular immunodeficiency.
Most babies with SCID appear phenotypically normal and,
therefore, are not diagnosed at birth. Maternal antibodies in
the infant may delay the onset of serious infections in infants
with SCID. However, once maternal antibodies wane, the in-
fants suffer from recurrent, severe infections and die if not
diagnosed and treated early in life.

Newborn screening (NBS) of infants for SCID using the T
cell receptor excision circle (TREC) assay has proven to be a
sensitive test for the early diagnosis of infants with SCID
[2¢°]. NBS using the TREC assay is widely used in the USA
and increasingly throughout the world. In this review, we will
discuss a brief history of NBS in general and for SCID, the
theoretic basis for the TREC assay and practical consider-
ations regarding the initial evaluation of infants with an ab-
normal TREC screen for SCID.

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11882-018-0783-9&domain=pdf
mailto:jroutes@mcw.edu

34 Page2of7

Curr Allergy Asthma Rep (2018) 18: 34

History of NBS for SCID

Beginning in 1963, population-based NBS tests were per-
formed to identify infants with serious diseases that were ame-
nable to treatment if identified early. As technology improved
and more disorders could be identified by NBS, Wilson and
Junger in 1968 proposed specific criteria for the addition of
specific diseases that should be considered for NBS [3].
Although controversies exist, these criteria continue to serve
as an important conceptual framework for population-based
screening throughout the world.

SCID has been shown to meet the fundamental criteria of
Wilson and Junger [4¢]. For example, SCID is a significant health
problem with a frequency of approximately 1:46,000 live births.
The natural history of SCID is well understood and there is an
accepted treatment for the disease that can lead to a cure. There is
an economical, feasible, sensitive assay (TREC assay) that iden-
tifies infants prior to the onset of disease. Cost-benefit analysis to
date indicates that the diagnosis and treatment of SCID is cost-
effective [5, 6]. Due to the fatal nature of SCID and the ability to
identify and successfully treat this disorder, NBS for SCID has
been widely accepted with little controversy.

In the USA, the federal government publishes the recom-
mended diseases for NBS in the Recommended Uniform
Screening Panel (RUSP). The decision to implement NBS
for a specific disease, however, is made by an individual
state with the federal government recommendations serving
in only an advisory capacity. To nominate a specific disease
for NBS by the federal government, a standard form is sub-
mitted to a committee of experts (Secretary’s Advisory
Committee on Heritable Disorders in Newborns and
Children, SACHDNC), which acts under the direction of
the Secretary of Health and Human Services (HHS). The
SACHDNC evaluates the appropriateness of the disease in
question and if this is an inexpensive, sensitive screening
test for the disorder. The SACHDNC subsequently makes
recommendations which are subject to approval by the
Secretary of HHS. The addition of a specific disease to the
RUSP hastens the adaption of the NBS for this disorder
throughout the USA. However, as noted previously, each
state has the ultimate discretionary power to add a specific
disease for statewide NBS.

Douek et al. in 1998 developed the TREC assay and used it
to demonstrate that effective anti-retroviral therapy in patients
with AIDs led to immunological reconstitution of the T cell
compartment through the production of newly formed, naive
T cells not the expansion of the small pool of memory T cells
present prior to anti-retroviral therapy [7]. In 2005, Chan and
Puck demonstrated that the TREC assay performed on stan-
dard NBS cards and could identify babies with SCID regard-
less of genetic cause [8]. Based on this advance, SCID was
nominated to the SACHDNC in 2007 for addition to the
RUSP. However, due to the lack of a field-tested,
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economically feasible screening test to identify infants with
SCID, the nomination was denied. The small sample size (n =
239 NBS cards) and high false positive rate of 2.9% reported
in the initial study were also likely important factors in the
decision.

In 2006, investigators from the Medical College of
Wisconsin obtained funding from the Jeffrey Modell
Foundation and Children’s Hospital of Wisconsin
Foundation to support a pilot study for statewide NBS for
SCID in Wisconsin. In collaboration with the Wisconsin
State Hygiene Laboratory, these investigators optimized the
TREC assay for use in population-based, high-throughput
NBS and decreased the false positive rate to 0.02% using over
5600 stored NBS cards [9]. In 2008, Wisconsin became the
first state to institute NBS for SCID using the TREC assay.
Results of the first year of NBS for SCID in Wisconsin dem-
onstrated the ability of the TREC assay to identify infants with
SCID [10e¢]. These results were presented to the SACHDNC,
which unanimously recommended addition of SCID to the
RUSP. In May 2010, HHS Secretary Kathleen Sebelius ap-
proved the SACHDNC’s recommendation and SCID was
added to the RUSP. The addition of SCID to the RUSP result-
ed in an acceleration in the number of states screening for
SCID over the following years (Fig. 1). In 2018, all but the
three states have implemented NBS for SCID and these states
have plans to do so in the near future.

Theoretical Basis of the TREC Assay

The ability to recognize diverse antigens by the TCR is essen-
tial to provide an adequate defense against a multitude of
pathogens. T cell diversity is based on the germline rearrange-
ment of genes encoding the T cell receptor (TCR) during
maturation of the T cells in the thymus (VDIJ rearrangement).
TCR rearrangement and subsequent expression of a TCR are
essential for T cells to emigrate from the thymus.

The TCR is a protein heterodimer composed of two chains
(xf3 or yd) that pair during the maturation process.
Consequently, there are two types of T cells: o/f3 T cells,
which account for approximately 95% of T cells in humans,
and yd T cells. During T cell receptor rearrangement, double-
strand breaks are made in the DNA and different segments of
the TCR are joined. Intervening pieces of DNA are generated
during the recombination process, which are called T cell re-
ceptor excision circles (TRECs). In humans, a common DNA
rearrangement in the TCR o chain occurs in approximately
80% of all o/ T cells [11]. This common TCR « chain
rearrangement generates a specific TREC that can be enumer-
ated by quantitative, real-time polymerase chain reaction
(qRT-PCR) and is the basis of the TREC assay [7].
Importantly, TRECs do not replicate during T cell division.
Therefore, TREC values are low in cases of engraftment of
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Fig. 1 States participating in NBS for SCID (a) and the year of
implementation (b). Currently, approximately 94% of all infants in the
USA are screened for SCID. Pilot studies are planned in the 3 remaining

maternal lymphocytes or in leaky SCID (see below), where
the expansion of a few T cells in the periphery of infants may
lead to normal or near normal T cell numbers.

In the TREC assay, DNA is extracted from a 3.2-mm punch
of the dried blood spot on a NBS card and qRT-PCR is then
performed to enumerate the number of TRECs present [9].

states in 2018 or 2019. Reproduced with permission from the Immune
Deficiency Foundation

The blood spotted on a NBS card is ideally obtained from a
heel stick on a newborn. However, in some situations, blood is
spotted from a peripheral line, which may be diluted by an IV
solution or contain substances that may inhibit the PCR.
Additionally, the NBS card may be inappropriately stored or
transported leading to degradation of DNA. For these reasons,
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gRT-PCR is also performed to ensure DNA template integrity
using a second “housekeeping” gene (3-actin or RNAse P).
This latter PCR reaction may be done simultaneously with the
qRT-PCR for TRECs or only if the initial TRECs are low,
which is the protocol followed in the state of Wisconsin.
Therefore, a TREC assay can only be considered “positive”
if the qRT-PCR for TRECs is low but the qRT-PCR for the
housekeeping gene is normal.

Results of NBS Using the TREC Assay

The TREC assay for NBS was originally designed to
detect infants with SCID or leaky SCID (primary tar-
gets). SCID is defined as a T cell count <300/mm and
T cell proliferation assay (mitogen assay) less than 10%
of control. Leaky SCID is T cell lymphopenia caused
by hypomorphic mutations (mutations of a gene leading
to a gene product with abnormal but not absent func-
tion) in SCID-causing genes associated with a T cell
count >300/mm and abnormal T cell function. Because
TRECs serve as a biomarker of low naive T cell counts,
other causes of an abnormal TREC assay (secondary
targets) are much more common and include congenital
syndromes, secondary causes of T cell lymphopenia,
thymic defects, some combined immunodeficiencies,
and idiopathic T cell lymphopenia (Table 1) [2e°].
Idiopathic T cell lymphopenia, which is also known as
variant SCID, refers to T cell lymphopenia with a T cell
count greater than 300/mm [2¢¢] without a known cause.
We prefer the term idiopathic T cell lymphopenia be-
cause variant SCID implies a much more ominous prog-
nosis and is confusing to both physicians and patients.

Depending on the state’s established normal cutoff value, T
cell lymphopenia will be found in approximately 50% of in-
fants with an abnormal TREC assay [12]. The cutoff value for
an abnormal TREC must be empirically determined by each
state as this value will affect the false positive rate. Congenital
syndromes and secondary causes of T cell lymphopenia, not
SCID, are the most common causes of abnormal TREC assay
on NBS (Fig. 2). DiGeorge syndrome (22q11.2 deletion

Table 1  Etiology of abnormal TREC assays (excludes prematurity)
Disorder Percentage
Congenital syndrome 34
Secondary 29
Unspecified 26

SCID

Idiopathic T cell lymphopenia 3
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Fig. 2 Congenital syndromes associated with T cell lymphopenia.
DiGeorge and trisomy 21 are the most common causes of a low TREC
assay in infants with congenital syndromes. Adapted from [2e¢]

syndrome) and trisomy 21 (Down syndrome) are responsible
for approximately 60 and 15% of T cell lymphopenia respec-
tively in infants with congenital syndromes (Fig. 2) [2e¢ 13,
14]. Infants with complete DiGeorge syndrome, which ac-
counts for less than 0.1% of these patients, have congenital
athymia and profound T cell lymphopenia whereas in incom-
plete DiGeorge syndrome the extent of T cell lymphopenia is
variable [15]. Results from NBS indicate that the TREC assay
identifies only a minority infants with DiGeorge syndrome,
which is dependent on the extent of lymphopenia [16].
Several other congenital syndromes are also associated with
T cell lymphopenia including trisomy 18, CHARGE syn-
drome, Jacobsen’s syndrome, and ataxia telangiectasia.
Egress of lymphocytes from the intravascular space due to
cardiac defects, GI tract abnormalities, or multiple congenital
defects comprise the majority of secondary causes of T cell
lymphopenia (Fig. 3).

Infants with SCID and leaky SCID are found in a small
percentage (~ 10%) of abnormal TREC assays (Fig. 4) [2ee,
13, 14]. Mutations in the IL2RG are the most common cause
of SCID, although the percentage of SCID caused by IL2RG
is far less than prior studies indicated. Surprisingly, mutations

Cardiac n=30

u Not specified n=30

& Mult. Cong. Abn. n=23
Third Space n=15
Gl n=15

u Leukemia n=4

Fig. 3 Secondary causes of T cell lymphopenia. Secondary causes of T
cell lymphopenia are most commonly caused by egress of lymphocytes
into the extravascular space. Adapted from [2e¢]
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Fig. 4 Genetic etiologies of SCID and leaky SCID. Mutations in IL2RG are the most common cause of SCID (a). Mutations in RAGI are the most

common cause of leaky SCID (b). Adapted from [2¢]

in RAGI, not IL2RG, are the most common cause of leaky
SCID. The frequency of idiopathic T cell lymphopenia as a
cause of abnormal TREC assays has been reported as approx-
imately 3%, although this entity is likely underdiagnosed.

Idiopathic T cell lymphopenia appears to have better over-
all prognosis than SCID or leaky SCID and is reversible in
over one third of cases [17]. However, the frequency, etiology,
and natural history of idiopathic T cell lymphopenia remain
poorly defined. The US Immunodeficiency Network currently
has an ongoing registry on this disorder (https://usidnet.org/
fill/). To date, the prognosis of infants diagnosed with SCID or
leaky SCID by NBS using the TREC assay is excellent. HSCT
in infants with SCID without infection results in 2-year sur-
vival rate of 95% whereas in infants with infection survival is
reduced to 81% [18, 19].

Initial Evaluation of Infants with Abnormal
TREC Results

States differ in the standard operating protocols in the perfor-
mance of the TREC assay and reporting of abnormal results.
In the state of Wisconsin, TREC assays are repeated and not
considered abnormal when both the numbers of TRECs and
[3-actin are low. Similarly, the TREC assay is reflexively per-
formed on premature infants, which are known to have a high
false positive rate, until they have reached an adjusted gesta-
tional age over 36 weeks [10¢°]. In Wisconsin and several
other states, the abnormal TREC assay is directly reported to
the physician of record and a specialist (clinical immunolo-
gist) who will work with the primary care provider and the
family to facilitate an evaluation of the infant.

When the clinical immunologist receives the result of the
abnormal TREC, it is imperative to first determine the ab-
solute value of the TREC test. For example, a TREC value
of 0 or severely reduced TREC value (<20% of the cutoff
value) requires more immediate attention as they are more
likely to have SCID or severe T cell lymphopenia. Some

states do not repeat the TREC assay on premature infants;
therefore, it is essential for the immunologist to be aware of
the specific protocols that are followed in their state. If pos-
sible, prior to the initial flow cytometry, the clinical immu-
nologist should discuss with the local provider or family
member to determine if there were issues prenatally (e.g.,
medications, exposures) or perinatal conditions (e.g., pre-
maturity, infections, congenital anomalies) that may be con-
tributing to the abnormal TREC assay. If there are other
medical conditions that could result in T cell lymphopenia,
it is sometimes economical to wait until the condition is
treated or improved to perform a full immunologic investi-
gation on these infants.

Lymphocyte enumeration by flow cytometry is the initial
study performed on infants with an abnormal TREC assay
and is usually done prior to a formal evaluation by the clin-
ical immunologist [20¢]. Flow cytometric studies should
include enumeration of total numbers of T cells (CD4 and
CDS8), B cells, and NK cells. Importantly, the percentage of
naive (CD45RA+) and memory (CD45RO+) T cells must be
measured. In normal neonates, ~90% of all T cells are naive.
In contrast, maternal engraftment of T cells or infants with
hypomorphic mutations of SCID-causing genes may lead to
a normal total number of T cells; however, these cells are
CD45RO+ memory T cells. If the numbers of naive T cells
are normal, no further evaluation is required. However, if T
cells numbers are low or T cells are markedly skewed to a
memory phenotype, we generally proceed with a more for-
mal evaluation. Our protocol somewhat contrasts with what
is done in some other states in which infants are not evalu-
ated if the T cell count is > 1500/mm [2¢¢]. However, T cell
lymphopenia may not be pronounced in some combined
immunodeficiencies or in partial DiGeorge syndrome and
we have made the diagnosis of DiGeorge Syndrome in in-
fants with an abnormal TREC assay and a T cell count >
1500/mm. Finally, T cell proliferation (mitogen) assay
should be performed in infants with a moderately or severe-
ly reduced T cell count.
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If the results of the above studies indicate possible SCID or
leaky SCID, and if expertise is not available locally, the infant
should be referred to a center skilled in the diagnosis and
treatment of patients with SCID. Additionally, measures to
prevent the acquisition of infections should be immediately
implemented, including the avoidance of public places or sick
contacts, the use of boiled water only, withholding breast feed-
ing until the CMV status of the mother is known, avoidance of
live vaccines, and transfusion precautions with CMV-nega-
tive, irradiated blood products [20¢]. The specialist should
perform a detailed history that includes a family history (early
childhood deaths or history of immunodeficiency in family
members), personal history (acute illness, diarrhea, failure to
thrive), and physical examination specifically noting the pres-
ence of tonsils or other lymphoid tissue, cardiac abnormalities,
rashes, or dysmorphic features.

In infants that are acutely ill, or whom exhibit features that
suggest congenital syndromes or have conditions associated
with secondary T cell lymphopenia, repeat lymphocyte enumer-
ation studies should be performed when the infant is clinically
stable. Longitudinal immunological evaluation of these infants
is of utmost importance to determine if the T cell lymphopenia
resolves. DNA deletion, duplication arrays should be per-
formed in infants with multiple congenital anomalies or with
dysmorphic features. For infants with T cell counts greater than
300/mm, it is imperative to determine if the child is immune
deficient. Therefore, longitudinal assessment of numbers of T
cells, B cells and NK cells should be performed as well as
serum IgG, IgA, and IgM, levels, vaccine titers and T cell
mitogen studies.

The decision to perform HSCT in an infant with SCID is
based on the clinical and immunological findings and does not
require a genetic diagnosis. However, a genetic diagnosis
should be pursued in every case. The management of an infant
may be influenced by the specific genetic cause of severe T
cell lymphopenia. For example, infants with complete
DiGeorge syndrome lack a thymus. Therefore, HSCT is not
feasible and the infant should be treated by thymic transplan-
tation [21]. SCID caused by DNA repair defects (e.g., LIG4,
NHEJ) are highly sensitive to radiation and chemotherapeutic
agents, which could influence diagnostic studies and condi-
tioning regimens. High-throughput DNA sequencing
targeting the genetic causes of SCID as well genes that lead
to combined immunodeficiencies associated with significant
T cell lymphopenia is the preferred approach and can lead to
specific diagnosis in a rapid and cost-efficient manner [22].
Currently, reimbursement for genetic studies by private insur-
ance companies for patients with SCID or other primary im-
munodeficiencies is problematic, which can complicate
obtaining a genetic diagnosis.
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Conclusions

Currently, over 90% of infants born in the USA undergo NBS
for SCID. Results to date demonstrate the TREC assay has a
predictive value for T cell lymphopenia of approximately 50%
and is virtually 100% sensitive for the diagnosis of SCID and
leaky SCID. Infants with SCID detected by NBS have an
excellent prognosis following treatment by HSCT.

TREC: are a biomarker of the numbers of naive T cells that
have recently left the thymus. Consequently, the TREC assay
will detect severe T cell lymphopenia regardless of the cause.
The vast majority of abnormal TREC assays are due to con-
genital syndromes and secondary causes of T cell lymphope-
nia. DiGeorge syndrome is the most common primary immu-
nodeficiency detected by NBS, but the TREC assay will not
identify all of these patients. Similarly, infants with combined
primary immunodeficiencies that are characterized by vari-
ably low numbers of naive T cells cannot be reliably identified
by NBS using the TREC assay. Therefore, the clinician should
be diligent in the evaluation of infants for primary immuno-
deficiencies regardless of the result of the TREC assay.

There remain several significant challenges in the diagnosis
and treatment of infants with primary immunodeficiencies
initially detected by NBS. The implementation of the NBS
for SCID needs to be performed uniformly in the USA and
adapted by other countries. There is a lack of specialists with
expertise in the diagnosis and treatment of infants with SCID
and other primary immunodeficiencies. Complex laboratory
testing including the enumeration of naive T cells by flow
cytometry, T cell mitogen studies, and advanced genetic test-
ing may not be available in some areas. Furthermore,
obtaining insurance approval for genetic testing in the USA
in many cases currently is very difficult. Community outreach
programs are also needed to further educate clinicians and
families on NBS for SCID. Despite these challenges, the in-
stitution of NBS using TREC assay in USA represents a fun-
damental advance in the early diagnosis and treatment of in-
fants with SCID and other forms of T cell lymphopenia.
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