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Laboratory technology for population-based screening for
severe combined immunodeficiency in neonates: The winner
is T-cell receptor excision circles

Jennifer M. Puck, MD San Francisco, Calif

The most profound primary immunodeficiency disease, severe
combined immunodeficiency (SCID), is fatal in infancy unless
affected infants are provided with an adaptive immune system
through allogeneic hematopoietic cell transplantation, enzyme
replacement, or gene therapy. However, most infants with SCID
lack a family history or any clinical clues before the onset of
infections, making this serious but treatable disease a candidate
for population-based newborn screening. Of several approaches
considered for SCID screening, testing for T-cell receptor
excision circles (TRECs), a DNA biomarker of normal T-cell
development, has proved successful. TREC numbers can be
measured in DNA isolated from the dried bloodspots already
routinely collected for newborn screening. Infants with low or
absent TRECs can thus be identified and referred for
confirmatory testing and prompt intervention. TREC testing of
newborns is now being performed in several states, indicating
that this addition to the newborn screening panel can be
successfully integrated into state public health programs.
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Every medical textbook and every publication from the 1950s
to the last 3 years has discussed severe combined immunodefi-
ciency (SCID) in terms of how the absence of cellular and
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Terms in boldface and italics are defined in the glossary on page mEm.

Abbreviations used
ALC: Absolute lymphocyte count
CHARGE: Ocular coloboma, heart malformation, choanal atresia,
retardation of growth and development, and genital and
ear anomalies
DBS: Dried bloodspot
HCT: Hematopoietic cell transplantation
PIDTC: Primary Immune Deficiency Treatment Consortium
RAG: Recombination-activating gene
SCID: Severe combined immunodeficiency
TCR: T-cell receptor
TCRA: TCRa gene
TCRD: TCRS gene
TREC: T-cell receptor excision circle

humoral immunity in this rare disorder causes affected infants to
come to medical attention with infections (ie, thrush, pneumonia,
and diarrhea) and failure to thrive.' The diagnosis of SCID and its
very definition have revolved around the devastating bacterial, vi-
ral, and fungal infections of affected infants, infections often
caused by weakly pathogenic opportunistic organisms. Before
1968, when the first successful bone marrow transplantation
was per’formed,2 SCID was always fatal, but now it can be treated
with allogeneic hematopoietic cell transplantation (HCT),*"!
enzyme replacement,'” or even gene therapy,'>'* provided infec-
tions can be controlled.

Recognition of how SCID is inherited'>* has permitted some
families, often after the tragic loss of an affected infant because of
infection, to have the diagnosis made in subsequent affected chil-
dren at birth or even before birth.***> In these fortunate circum-
stances early treatment of healthy infants with SCID who have
avoided infections has afforded a very high likelihood of survival
free of complications.*>>” Development of population-based
newborn screening for SCID has been motivated by the recogni-
tion that presymptomatic identification and treatment greatly im-
proves survival and by the desire to give all infants born with
SCID the chance for an optimal outcome. This review will de-
scribe the methodology now available for early SCID screening
and diagnosis.

DIFFERENCES BETWEEN SCREENING TESTS AND

DIAGNOSTIC TESTS FOR INDIVIDUAL CASES
Population-based newborn screening, which is mandated and

performed by the public health departments of individual states,
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differs from testing undertaken by immunologists confronted
with a known or suspected case of immunodeficiency in their
practice. For an individual patient who might have SCID or a
related disorder, a complete blood count, differential white blood
count, and lymphocyte subset determination are obtained imme-
diately, with any T-cell abnormalities followed up by further
testing, such as determination of serum antibody concentrations,
in vitro lymphocyte proliferation, and molecular diagnosis.38 This
approach requires liquid blood samples that are perishable and
cannot be stored or rerun if there are problems or as a quality con-
trol at a later time. Furthermore, these diagnostic tests must be
performed soon after the blood is obtained, they are not always
consistently performed or interpreted from one laboratory to an-
other, and they are prohibitively expensive for use in every infant.

In contrast, screening whole populations is not targeted to a few
subjects recognized to be at potentially increased risk, either
because of family history or clinical considerations, such as
infections.*® Screening tests must be amenable to performance on
a large scale in centralized state public health laboratories. These
laboratories already perform multiple tests using blood, generally
from a heel stick, that is spotted onto filter paper and air dried, as
first developed by Robert Guthrie for population-based testing of
newborns for phenylketonuria.***' Dried bloodspots (DBSs)
have been thoroughly standardized. They can be stored (for
many years if desiccated and at —20°C), sent through the mail,
and tracked by using automated bar coding for generation of re-
ports. The typical newborn screening test is done on a 3.2-mm
disc, corresponding to about 3 pL of liquid blood, that is punched
out of the DBS, which is roughly a 1-cm-diameter circle. If at all
possible, newly developed screening tests should take advantage
of the DBS sample to avoid the costs of getting a separate sample
and to facilitate integration into existing screening programs.”’42

Unlike an individual clinical test, a screening test represents a
single isolated opportunity to pick up a rare but serious condition.
Therefore false-negative results, or the failure to identify true
cases, must be kept to an absolute minimum. On the other hand,
having a limited number of false-positive results is viewed as a

GLOSSARY

ALLOGENEIC CELLS: Cells from the same species that are sufficiently
unlike genetically to interact antigenically.

ANALYTE: Substance with properties that can be measured in an assay.

ARRAY: A test format, typically automated, that can interrogate a
flexible number of mutations at the same time. Microarrays are used
in high-throughput analyses for 1 or multiple genes or for 1 or many
different patients at the same time.

BIOMARKER: A distinctive biological substance (eg, a metabolite in the
body) used as an indicator of a process, event, or condition.

CD45: A membrane-bound protein tyrosine phosphatase receptor pre-
sent on T cells that removes autoinhibitory C-terminal phosphates from
Src family kinases, such as Lck and Fyn, and is essential for T- and B-cell
activation.

DEDICATOR OF CYTOKINESIS 8 (DOCKS8) DEFICIENCY: DOCK8 defi-
ciency results in autosomal recessive hyper-IgE recurrent infection syn-
drome. Affected subjects have recurrent and severe bacterial, viral, and
fungal infections; atopic dermatitis; and food and environmental allergies.

HIGH THROUGHPUT: Fast automated analyses of large numbers of
substances, including DNA, RNA, proteins, and other types of molecules
and chemical compounds.
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necessary price to pay to avoid missing affected infants. Thus the
biomarkers that are successful in newborn screening need to be
very sensitive but not completely specific. Public health laborato-
ries have excellent outreach systems to contact infants for addi-
tional testing when screening results are not normal, and the
follow-up individual testing is used to sort out false-positive re-
sults so that families can be reassured if their infant is unaffected.
However, parental anxiety is an important factor, as is provider
frustration when each test added to the screening panel brings
more chances for infants to have to undergo more tests.*’

ANALYTES AND PLATFORMS CONSIDERED FOR
SCID NEWBORN SCREENING OTHER THAN T-CELL
RECEPTOR EXCISION CIRCLES

The first suggestion that all newborns be screened for SCID
was by the teams of Buckley and Puck in 1997, who made the
suggestion that the great majority of cases could be identified by a
complete blood count and differential to determine the absolute
lymphocyte count (ALC) per milliliter of blood.* Lymphocytes
and several other analytes, defined as substances that are mea-
sured, have been considered to be used either alone or in combi-
nation (Table I). As alluded to above, the ALC is an informative
test in the clinical realm because T cells make up approximately
70% of lymphocytes in healthy infants.”** However, because the
ALC includes all lymphocyte subsets, patients with T"B™ SCID
who have high numbers of B and possibly natural killer cells
could have normal (ie, false-negative) results on this test. In addi-
tion, maternal cells can be found in substantial numbers in the cir-
culation of infants with SCID, who are unable to recognize and
eliminate allogeneic cells; these maternal cells also increase the
ALC value and could potentially lead to a false-negative result.
Rare infants with Omenn syndrome, which is characterized by
impaired T-cell development with immune dysregulation and ex-
pansion of oligoclonal T cells, might also have a normal to high
ALC but in addition have clinical features of erythroderma, eosin-
ophilia, and organ involvement that bring them to medical

JACOBSEN SYNDROME: Congenital disorder associated with terminal
deletion of chromosome 11. Clinical features of the syndrome include
heart defects, intellectual disability, growth retardation, low platelets,
variable immune defects, and facial and somatic anomalies (including
trigonocephaly, divergent intermittent strabismus, epicanthus, telecan-
thus, broad nasal bridge, anteverted nostrils, carp-shaped upper lip,
retrognathia, low-set dysmorphic ears, bilateral camptodactyly, and
hammer toes).

NAIVE T CELL: Mature T lymphocytes that have not previously encoun-
tered antigen and are not the progeny of an antigen-stimulated mature
lymphocyte. When naive T cells encounter their cognate antigen, they
differentiate into effectors, such as helper and cytotoxic T cells. Naive T
cells have the surface marker CD45RA, whereas those previously acti-
vated express an alternate isoform, CD45R0.

OLIGOCLONAL T CELLS: T cells derived from 1 or a few T cells that
undergo mitotic expansion.

RAC2: A small GTPase in neutrophils that is integral for the function
of the actin skeleton, as well as other neutrophil functions. Rac2
deficiency results in neutrophil dysfunction and recurrent
infections.

The Editors wish to acknowledge Daniel A. Searing, MD, for preparing this glossary.
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TABLE I. Test methods proposed to screen for SCID
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Analyte Measurement Platform Uses DBSs Comment
Lymphocytes Complete blood cell count and Hospital clinical laboratory test on No Costly and decentralized; false-negative
differential white blood count liquid cord blood or postnatal results for SCID with oligoclonal T cells,
to determine lymphocytes/wL blood (heel stick or venous) increased B-cell numbers or maternal
cells
IL-7 IL-7 immunoassay ELISA or other method Maybe Stability, purification, and assay problems;
possible second-tier test with TRECs
T-cell proteins Immunoassay for low CD3 Automated fluorescent bead Yes Limited availability; false-negative results
CD3 and CD45 (multiplex) capture for maternal or oligoclonal T cells;
possible second-tier test with TRECs
Mutation in DNA sequence determination Custom resequencing array Yes False-negative results; possible second-tier
SCID gene test or future test with whole-genome
sequencing
TREC Copy number of circular DNA Quantitative PCR on DNA Yes Biomarker for newly produced T cells, now

joints; comparison with control
genomic DNA segment

used by several states; inadequate samples
yield poor DNA

attention. Although the mean ALC of newborns is approximately
5000/p.L, the range is broad, so that setting the cutoff value for a
normal ALC at a level to capture patients with SCID with high
numbers of B cells or maternal cells would result in unacceptably
frequent false-positive test results. Thus ALC, although a valu-
able and often overlooked clinical tool for individual patients
and high-risk settings, exhibits too much overlap between infants
with SCID and healthy infants to be suitable for population-based
SCID screening.

Immunoassays for IL-7 and T cell-specific proteins have been
evaluated by McGhee et al** and Janik et al.*> High serum IL-7
levels are associated with T-lymphocytopenic states, including
SCID, in a limited number of cases that have been tested, but
this association has not been developed into a robust newborn
screening tool for SCID. Lability of IL-7 and technical problems
with its detection in eluates from DBSs would need to be over-
come, even if the biological basis for IL-7 level increase is gener-
alizable to newborns across all SCID genotypes and
presentations. Detection of proteins of the T-cell receptor
(TCR)-CD3 complex in combination with CD45 has been
achieved by using a high-throughput bead capture technology.45
However, the quantity of protein has been so low as to require pol-
yclonal rabbit antisera, rather than the more standardized mAbs,
making scale up of this assay for widespread screening problem-
atic at this time.

Another approach is to detect DNA sequence variants in
SCID disease genes, either previously defined or as yet unre-
ported deleterious mutations. Many newborn screening labora-
tories that include cystic fibrosis in their screening test panel
currently use cystic fibrosis transmembrane conductance regu-
lator (CFTR) DNA mutation arrays as a second-tier test for
known gene mutations.*® Unfortunately, the situation with
SCID is much more complicated. There are now 14 known
SCID genes (Table II), as well as patients with SCID whose
molecular cause remains unknown, even after extensive gene se-
quencing.lS'33 Moreover, in addition to hundreds of disease-
associated mutations for the known genes, new mutations
continue to be discovered, and therefore it is not possible to
rely on a catalog of mutations on an array when diagnosing a
new patient.*” A resequencing array capable of detecting known
and unknown SCID variants developed by Puck and Warrington

was able to identify more than 90%, but not 100%, of known
mutations, as well as previously unknown ones in prospective
SCID cases.*” Some of the failures were in DNA samples
with single base insertions and deletions. Although yielding a
specific gene diagnosis, if positive, this approach has an unac-
ceptable false-negative rate, as well as a cost that is too high
to use as a primary screen. In the future, however, deep genomic
sequencing technologies will improve, and whole-genome se-
quencing might revolutionize newborn screening (see “Future
prospects and challenges” below).

T-CELL RECEPTOR EXCISION CIRCLE TEST

In the germline and all nonlymphoid cells, the gene loci
encoding antibody molecules and T-cell antigen receptor chains
are composed of large numbers of alternate segments, called
variable (V), diversity (D), and joining (J) regions, that lie
upstream of constant regions. Recombination of the TCR genes
in the thymus is the process whereby a diverse repertoire of T cells
is generated from randomly chosen alternate sections to synthe-
size a unique rearrangement in each cell. In the TCRa gene
(TRCA) locus a Va segment becomes linked to a Ja and a Ca seg-
ment through cutting and rejoining of the DNA by a series of en-
zymes that produce double-strand DNA breaks at specific sites
and then carry out processing and repair. Only T-cell progenitors
in which religation produces an in-frame rearranged locus are se-
lected to survive and mature.

The excised DNA fragments that are not destined to be
incorporated into the mature TCR locus can be joined at their
ends to form a great variety of circular DNA byproducts, which
are called T-cell receptor excision circles (TRECs). Late in the
maturation program, 70% of the thymocytes that will ultimately
express af3 TCRs form one specific circular DNA TREC, the
SRec-yJa signal joint TREC, from the excised TCRS gene
(TCRD) that lies within the TCRA locus (Fig 1). The DNA circles
are stable and are maintained after cell division, but because they
do not replicate, they become diluted as T cells proliferate
through mitotic division. A quantitative PCR reaction across the
joint of the circular DNA, using primers indicated by the short ar-
rows in Fig 1, provides the TREC copy number, an indicator of
new thymic emigrant T cells being produced.
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TABLE Il. Molecular causes of SCID
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Percent of cases

Lymphocyte profile

Disease gene Defective protein, function, and features of SCID* T cellst B cells Natural killer cells

IL2RG (X-linked) IL-2 receptor y-chain or common vy-chain (yc), part of the 48% (only male = aF =
lymphocyte receptors for IL-2, IL-4, IL-7, IL-9, IL-15, subjects)
and IL-21

ADA Adenosine deaminase, purine salvage pathway enzyme 16% - + -

IL7R o Chain of IL-7 receptor 10% = 4 4

JAK3 Janus kinase 3, intracellular signaling kinase coupled to yc 6% - + -

RAGI, RAG2 Recombination-activating genes required for T- and B-cell 6% = = 4
antigen receptor gene rearrangement

DCLREIC (Artemis) Part of T- and B-cell antigen receptor gene rearrangement 5% - - +
complex, also required for DNA repair; deficiency causes
radiation sensitivity

TCRD, TCRE, TCRZ CD3 3, €, and { chains of the TCR complex, required for Rare —/Low + +
T-cell positive selection in the thymus and activation by
antigen

CD45 Protein tyrosine phosphatase receptor (PTPRC), required Rare —/Low + +/Low
for T- and B-cell activation by antigen

LCK Lymphocyte tyrosine kinase p56lck, required for T-cell Rare —/Low I I
development and activation

PNP Purine nucleoside phosphorylase enzyme, purine pathway Rare Low Low +/Low
enzyme, deficiency also causes neurologic impairment

LIG4 DNA ligase IV required for antigen receptor gene rejoining Rare = IF +
and DNA repair; deficiency causes radiation sensitivity

DNAPKCS DNA protein kinase catalytic subunit, required for T- and Rare - - +
B-cell antigen receptor rearrangement and DNA repair

NHEJI (Cernunnos) Nonhomologous end joining of DNA during TCR Rare = = 4
rearrangement and DNA repair; deficiency causes
microcepahaly and radiation sensitivity

AK2 Adenylate kinase 2; deficiency causes reticular dysgenesis Rare - - -
with granulocytopenia, lymphocytopenia, and deafness

FOXNI Forkhead box N1, required for thymus and hair follicle Rare —/Low + I
development; ortholog of nude mouse, also causes
alopecia

STATS5a Signal transducer and activator of transcription 5, Rare —/Low + -
phosphorylated after cytokine receptor engagement;
deficiency also causes growth hormone resistant growth
failure

COROIA Coronin-1A, protein mediating lymphocyte migration, Rare —/Low i <
including T-cell emigration from the thymus

Currently unknown Unknown defects, including SCID and congenital ~10% —/Low +/—- +/—

anomalies, SCID with multiple bowel atresias and others

#Based on Buckley,'' Buckley and Fischer,” and unpublished estimates (J. Puck) from tertiary centers to which patients with SCID are referred.
TSome patients have substantial numbers of maternally derived T cells at the time of diagnosis; shown are autologous T cells.

Hazenberg et al*® and Douek et al*® found that TRECs are a
biomarker for newly produced naive T cells that emigrate into pe-
ripheral blood from the thymus. Douek et al noted that infant
blood samples have the highest numbers of TRECs, around
1 TREC per 10 T cells, reflecting the high rate of new T-cell gen-
eration early in life. Older children and adults have 10-fold and
100-fold fewer TRECsS, respectively, reflecting increased periph-
eral T-cell expansion compared with new production of naive T
cells. TREC copy number varies widely between subjects, and
therefore a single measurement is not a useful clinical test in
most settings, although serial measurements in a patient over
time can document T-cell reconstitution after HCT or increased
TREC numbers after institution of antiretroviral therapy in pa-
tients with HIV-AIDS.

In contrast to its shortcomings as a clinical test, TREC
determination, of all the approaches considered to date, is the
only one to date that has been proved to have clinical utility for

SCID newborn screening. In 2005, Chan and Puck” published the
first method for DBS screening for SCID using TRECs as the an-
alyte. DNA was extracted from DBSs and used for quantitative
PCR for TREC measurement. A (3-actin gene segment could be
amplified from the same DNA as a control to distinguish samples
with low TREC numbers because of a lack of naive T cells from
samples with poor DNA yield or quality. As shown in Fig 2, A,
anonymous DBS samples obtained for routine newborn screening
had a mean of 1000 TRECs per punch in the assay, as performed
in the Puck laboratory. Occasional DBSs did not amplify TREC
DNA adequately; such samples would have repeat determinations
made and B-actin gene amplification performed, and if both
TREC and B-actin PCR failed, as shown in the lower right of
the graph in Fig 2, A, a new bloodspot would be needed from
the infant. The initial publication of Chan and Puck had 1.4%
of samples with failed PCR results, an unacceptably high rate
for large-scale screening; however, subsequent refinements
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FIG 1. Generation of the 8Rec-yJa TRECs. The germline configuration of
the TCRA locus, with TCRD embedded, is shown at the top of the illustra-
tion, which also shows the points (gray dots) at which the DNA is cut to
excise the TCRD locus in T-lymphocyte progenitors destined to express
the a and B TCRs. After excision (lower left) and ligation (lower right) of
the 3Rec-yJa fragment to form a TREC, PCR primers (horizontal arrows)
can amplify a DNA junction fragment containing the joint.

reduced the false-positive rate more than 10-fold (as discussed be-
low). Eleven states routinely obtain a second heel stick from all
infants at approximately 2 weeks of age, making a repeat sample
readily available if needed.*®

From states such as California that archive residual DBSs from
all infants for appropriate research and quality control purposes,
we were able to obtain the original nursery DBS samples from 20
infants who were eventually given a diagnosis of SCID of diverse
genotypes. As shown in Fig 2, B, TRECs were uniformly unde-
tectable in these samples, even though positive amplification of
the genomic B-actin DNA was confirmed in each case.’®>' Mor-
inishi et al>* obtained similar results from newborn bloodspots re-
covered from 5 infants with SCID in Japan.

Advantages of TRECs as a newborn screening analyte include
ability to use DBSs, low cost, high throughput, and high sensitiv-
ity (ie, avoidance of false-negative results from infants with SCID
who have high numbers of B lymphocytes, maternal T-cell en-
graftment,”*? or oligoclonally expanded T cells). Furthermore,
additional conditions in which T-cell numbers are low, such as
complete DiGeorge syndrome, would also be predicted to be
found. Complete DiGeorge syndrome is potentially treatable
with thymus transplantation.>*

The TREC method was first adapted to high-throughput use in
a public health setting by the Wisconsin State Newborn Screening
Program, which started a statewide pilot SCID screening program
in 2008.7>-¢ Massachusetts,5 7,58 California, New York, and other
states have followed. In addition to maintaining high sensitivity
for detecting SCID cases, TREC test specificity has been excel-
lent, with automated methods that have reduced the number of
DNA amplification failures to 0.1% or less. This is as good or bet-
ter than the false-positive rates of many tests currently in use for
newborn screening for other conditions.

PERFORMANCE OF THE TREC TEST IN STATEWIDE
NEWBORN SCREENING

Results of initial state screening programs in Wisconsin and
Massachusetts have been published and are summarized by
Routes and colleagues (see also in this issue).55 9 California be-
gan TREC screening in August 2010, within 3 months of the
recommendation by the US Department of Health and Human
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Services Secretary to add SCID to the nationally reviewed uni-
form panel of conditions subject to newborn screening.
A collaboration was formed between the California State Ge-
netic Disease Laboratory and PerkinElmer (Waltham, Mass) to
adapt and implement the TREC and 3-actin detection protocols
of Chan and Puck and the Wisconsin pilot program. Table III
summarizes the results of the first year of screening for TRECs
in California, the state with the largest annual number of births
in the United States and a population that is ethnically very di-
verse. In a single year, more than 500,000 infants were screened
for TRECs. Test specificity was excellent, with only 8 per
10,000 infants requiring a second heel-stick sample; as with
all other newborn screening tests, the great majority of the in-
complete results from the initial sample were from preterm
and ill infants in neonatal intensive care nurseries, who make
up about 11% of all infants. Of the initial samples with failure
to amplify a normal copy number of both TREC and B-actin
DNA, designated DNA amplification failures, the majority
were from infants whose birth weight was less than 1500 g,
and nearly half of the failed samples were obtained from in-
dwelling vascular lines rather than the preferred heel sticks. It
is hypothesized that heparin anticoagulant might contribute to
inhibition of PCR when samples are obtained from indwelling
lines.

Fifty infants (1 per 10,000 births) had either 2 DNA amplifi-
cation failure samples or an initial positive sample with low or
absent TRECs but a normal (-actin copy number. These infants
had venous blood obtained for complete blood counts, differential
white blood counts, and lymphocyte subset enumeration by
means of flow cytometry. An important feature of screening for
SCID and related disorders in California has been inclusion
within the newborn screening program of not only TREC testing
but also follow-up lymphocyte subset enumeration, which is
performed in a single reference laboratory (Quest Nichols Insti-
tute, San Juan Capistrano, Calif). All samples are thus stained for
a uniform set of markers (ie, T cells [CD3], helper [CD4] and
cytotoxic [CDS8] cells, naive and memory phenotype cells
[CD45RA/RO], B cells [CD19], and natural killer cells [CD16/
CD56]) and analyzed by using consistent methodology. In
addition, all results are interpreted by 2 designated immunology
experts for the screening program, who also oversee referral for
treatment of patients with low T cells.

Conditions detected in the first year of screening in California
by screening with TRECs are also shown in Table III. Diagnoses
have included 6 cases of typical SCID, 2 each with mutations
in the IL-2 receptor vy (IL2RG), IL-7 receptor (IL7R), and
recombination-activating gene 1/2 (RAGI1/2) genes. One case of
Omenn syndrome had mutation of RAG2. In each of these cases,
TRECs were undetectable, and 3-actin expression was normal in
the initial DBS sample. The variant SCID cases have been in
healthy subjects who are being followed by immunologists for
abnormal T-cell proliferation in vitro and T lymphocytopenia per-
sisting for at least 6 months. In only one instance, an infant with an
X-linked /L2RG mutation, was there a positive family history of
an affected older brother that would have prompted newborn de-
tection at birth in the absence of screening. The infant with
Omenn syndrome had erythroderma and received a diagnosis
just before the positive TREC test result was reported.

A range of T-lymphocytopenic conditions other than SCID has
been found by using TREC screening in California (Table III), as
well as in other states. Some syndromes, including DiGeorge
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FIG 2. TREC (0) and actin (x) copy numbers measured in DNA isolated from 300 (A) anonymous DBSs
obtained in newborn nurseries, showing one sample (far right) with failure of DNA amplification and 20
(B) newborn nursery DBSs recovered from storage from infants later found to have SCID.

syndrome and CHARGE (ocular coloboma, heart malformation,
choanal atresia, retardation of growth and development, and gen-
ital and ear anomalies) syndrome, are well recognized to have var-
iable degrees of T-cell impairment; in others, such as trisomy 21, a
spectrum of defects in adaptive and innate immunity has been ob-
served but not well characterized.® Secondary T lymphocytope-
nia has also been found through TREC screening, with California
cases including gastrointestinal malformations and extreme pre-
maturity. Population-based forward screening with TRECs thus
identifies known and previously unrecognized associations with
low T-cell numbers. Regardless of the cause, infants who have
significantly low T-cell numbers (<1500/p.L) should not be given
live vaccines and should be referred to immunology centers for
assessment.

OUTCOME TRACKING

TREC newborn screening followed by lymphocyte subset
enumeration has now been proved to have clinical utility, with
several states having implemented their own TREC test protocols
that have acceptable false-positive rates, no reported false-
negative results, and successful implementation into each state’s
work flow. Many infants with otherwise unsuspected SCID or

related T-cell disorders have been referred for prompt evaluation
and treatment, and anecdotal reports of successful outcomes are
already emerging. As more experience accumulates and more
states wish to add newborn TREC screening, it will be important
to document outcomes of the current programs. Not only the total
incidence but also the severity spectrum and relative incidence of
these rare conditions in different population subgroups remain to
be defined. We have worked with the Newborn Screening Trans-
lational Research Network to establish categories for tracking and
reporting all of the cases of T lymphocytopenia that have been
found by using prospective screening so that diagnoses and
screening test performance can be compared and analyzed.61
Although the full range of diagnoses has yet to become
established, Table IV summarizes currently recognized categories
that are also consistent with the definitions put forward by the Pri-
mary Immune Deficiency Treatment Consortium (PIDTC).®*
This organization, part of the National Institutes of Health—
funded Rare Diseases Clinical Research Network, was estab-
lished to conduct multicenter studies of SCID and other diseases
treated by cellular therapies. Even though the range for T cells in
normal infants born at full term is greater than 2500/;1,L,64 an
overall definition of clinically significant T lymphocytopenia in
newborns for the California screening program (including term
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TABLE lll. Summary of California newborn screening with TRECs
in the first year

More than 500,000 births screened
DNA amplification failures, <0.08%, requiring second heel stick*
84% from neonatal intensive care units
56% from infants who were <1500 g at birth
44% had the failed sample obtained from an intravenous line
Fifty infants had 2 DNA amplification failure results or a positive
result (0.01% of births), requiring complete blood cell count and
lymphocyte analysis by using flow cytometry
Twenty of these (40%) had low T-cell numbers confirmed
Diagnoses among infants with low T-cell numbers
Six SCID¥
Two IL-7 receptor defects
Two RAG! defects
Two Common +y-chain defects
One Omenn syndromei with RAG2 defect
Three SCID variants with no known gene defect
Four Syndromes associated with T lymphocytopenia
Three DiGeorge syndrome (1 complete)
One Trisomy 21
Six secondary T lymphocytopenia
Two gastroschisis
One gastrointestinal atresia
Three prematurity

*Because all screening tests other than TREC measurement are performed in regional
laboratories throughout California, with samples then forwarded to a central
laboratory for TREC testing, most newborns were 2 weeks old when the TREC result
was available. When an SCID-specific second heel stick was needed, older age usually
resulted in a normal TREC value.

FOnly 1 patient with SCID had a positive family history leading to testing at birth.
}Signs of Omenn syndrome in the first weeks of life had led to the diagnosis just
before the TREC test was reported.

and preterm births) is taken to be fewer than 1500 T cells/uL. The
conditions with low or absent TRECs and this degree of T lym-
phocytopenia fall into 5 categories.(’l'63 Typical SCID (Table
IV) is defined by the PIDTC as fewer than 300 autologous T
cells/pL of peripheral blood and less than 10% of normal T-cell
proliferation to the mitogen PHA. Causes include null mutations
of the genes listed in Table IT and might also include other genes
preventing T-cell development that have not yet been discovered.
Leaky SCID (Table IV) has no maternal engraftment and T-cell
counts ranging from 300 to 1500/p.L; infants might have a later
age of onset of clinical symptoms (in the absence of screening)
or might present in infancy as Omenn syndrome, as defined by
erythroderma rash, adenopathy and oligoclonal, or poorly func-
tioning T cells accompanied by hypomorphic mutations in
RAGI, RAG2, or other known SCID genes in Table II. Variant
SCID (Table IV) is defined as absence of a known SCID gene de-
fect and 300 to 1500 autologous T cells/nL with impaired re-
sponses to mitogens. Further research is expected to define the
molecular defects underlying the T lymphocytopenia in these
infants.

An important category of T lymphocytopenia is multisystem
syndromes with T-cell defects (Table IV). Patients with these syn-
dromes have variable expression of congenital abnormalities and
a wide spectrum of T-cell dysgenesis from virtually normal im-
munity to defects as profound as seen in typical SCID. Infants
who have severely affected T-cell production are expected to
have positive TREC screen results, whereas others with the
same syndrome but more normal T-cell numbers will not be de-
tected. DiGeorge syndrome, which is usually associated with
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chromosome 22.11 deletion, trisomy 21, and CHARGE syn-
drome (with ocular coloboma, heart defect, atresia of nasal choa-
nae, retardation of growth and development, genitourinary
abnormality, and ear abnormality), can all present with life-
threatening infections in infancy because of T-cell deficiency
and have all been identified by using neonatal TREC screen-
ing.’>*>°! In addition, RAC2 deficiency, which was previously
known only as a granulocyte disorder, has been diagnosed after
newborn screening with low TREC numbers and T lymphocyto-
penia,55 as has Jacobsen syndrome, which is associated with ter-
minal deletions of chromosome 11q24. Siblings affected with
dedicator of cytokinesis 8 (DOCKS8)-deficient hyper-IgE syn-
drome with lymphocytopenia had undetectable TRECs during
childhood, although newborn samples have not yet been
available.®®

Finally, secondary T-cell defects (Table IV) are characterized
by acquired conditions with no intrinsic thymic defect but in-
creased T-cell loss. These include congenital heart defects, neona-
tal leukemia, lymphocyte extravasation or third spacing,
lymphangiectasia, and possibly severe congenital HIV infection,
although this has not been confirmed to date. Some secondary de-
fects, such as lymphocytopenia associated with extremely low
birth weight, are not yet fully understood but might resolve
over time. Note that all of these conditions are important to bring
to clinical attention to avoid infectious diarrhea after rotavirus
vaccine®® or complications after inappropriate transfusions, as
well as to monitor for development of infections.

We expect that previously unrecognized conditions with low
T-cell numbers will come to light as TREC screening continues
and expands. Furthermore, many primary immunodeficiency
diseases are not detectable by using TREC screening. Diseases
in which T cells develop in the thymus to the point of production
of the dRec-YsJao TREC (Fig 1) but do not have full functional
maturation will be missed. For example, newborns with {
chain—associated protein, 70 kd (Zap70), deficiency; MHC class
II deficiency; and nuclear factor kB essential modulator defi-
ciency have had normal TREC numbers (unpublished observa-
tions of J. Puck).” It is thus important to educate providers to
remain alert for signs of cellular immune defects in all infants, in-
cluding those who have had newborn TREC screening.

FUTURE PROSPECTS AND CHALLENGES

Now that TREC screening has become available and its
effectiveness has been shown, spreading its implementation to
all states is important. With increasing limitations in health care
budgets, states considering adding TREC screening must be
provided with data on costs and outcomes of treatments for
patients given a diagnosis of SCID and related disorders without
versus with screening. Although improved survival for patients
with SCID given an early versus late diagnosis has been well
demonstratedfs’37 rigorous cost-effectiveness analysis of SCID
newborn screening is not yet available. Ongoing efforts to region-
alize testing and treatment centers of excellence for these rare
conditions might be more effective than having each state develop
its own.

As screening becomes widespread, it will be possible to define
the true incidence and proportions of each genotype of SCID in
unbiased populations rather than relying on data from HCT
centers that might not include all infants without a family history
or access to expert medical care.’’
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TABLE IV. Conditions with low or absent TRECs and clinically
significant T lymphocytopenia (<1500 T cells/pL)

1. Typical SCID (see genotypes in Table II): defined as <300 autologous
T cells/pL and <10% of normal proliferation to the mitogen PHA

II. Leaky SCID caused by incomplete (hypomorphic) mutation or
mutations in a typical SCID gene with 300 to 1500 T cells/nL and
impaired but not absent (10% to 30% of normal) proliferation to PHA

III. Variant SCID with no defect in a known SCID gene and 300 to 1500 T
cells/pL that demonstrate impaired function

IV. Syndromes with variably affected cellular immunity that might be severe
Complete DiGeorge syndrome*
Partial DiGeorge syndrome with low T-lymphocyte numbers*
CHARGE syndrome*
Jacobsen syndrome*
Trisomy 21*
RAC2-dominant interfering mutation*
DOCKS-deficient hyper-IgE syndromef
Cartilage-hair hypoplasia

V. Secondary T lymphocytopenia
Neonatal cardiac surgery with thymectomy*
Neonatal leukemia*
Gastroschisis*
Third spacing*
Extreme prematurity (resolves to normal with time)*
Possibly severe prenatal HIV disease (hypothesized but not observed
to date)

DOCKS, Dedicator of cytokinesis 8.

*Observed to have low or absent TREC numbers on newborn screening in 1 or more
cases to date in US pilot programs or published reports.

TObserved to have low or absent TREC numbers in 1 or more cases after diagnosis;
newborn samples are not available.

Optimal treatments for SCID remain controversial and need to
be established by using multicenter studies. The PIDTC has taken
the important step of prospectively enrolling patients treated for
SCID in a large number of participating centers; a consistent
protocol of outcome measures collected over time will help to
identify best practices for managing these rare diseases.

As extraordinary advances in molecular technology enter the
clinical arena, deep sequencing, such as whole-exome or whole-
genome sequencing, might soon become routine. Increasing
numbers of medically actionable genotypes, DNA variants that
confer risk and are treatable, are driving the trend toward
“personalized medicine.” Improvement in and public acceptance
of this new technology will facilitate identification of rare
genotypes with clinical consequences. It is possible that future
newborns will have the DNA sequence of their entire genome
determined at birth, from which a blueprint of their risks for a
great variety of conditions affecting health can be ascertained,
including SCID and other defects of the immune system. Even
predisposition to the more common multifactorial immune dis-
orders with later onset might become possible through such
sequence analysis of DNA from newborns. However, because
genotypes do not fully predict phenotype for these conditions,
much more needs to be learned about the true predictive value of
deep sequencing.
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Moore, E. R. Stiehm, Chu Ri Shin, and Ken Weinberg provided helpful
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