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Abstract

Purpose—To describe the process and assess outcomes for the first 2 years of newborn

screening for severe combined immunodeficiency (SCID NBS) in New York State (NYS).

Methods—The NYS algorithm utilizes a first-tier molecular screen for TRECs (T-cell receptor

excision circles), the absence of which is indicative of increased risk of immunodeficiency.

Results—During the first 2 years, 485,912 infants were screened for SCID. Repeat specimens

were requested from 561 premature and 746 non-premature infants with low or borderline TRECs.

A total of 531 infants were referred for diagnostic evaluation leading to identification of 10 infants

with SCID and 87 with a clinically significant non-SCID abnormality based on flow cytometry or

CBC results (positive predictive value 20.3 %). Nine infants were diagnosed with typical SCID

and one with leaky SCID. SCID diagnoses included two patients with adenosine deaminase

deficiency, three patients with typical and one with leaky IL2RG-related SCID, one patient with

IL7Rα-related SCID, and three cases of typical SCID, etiology unknown. TRECs were

undetectable in eight of the nine babies with typical SCID. Infants with other non-SCID conditions

included 27 patients with a syndrome that included T-cell impairment, 18 of which had DiGeorge

syndrome. Seventeen infants had T-cell impairment secondary to another clinically significant

condition, and 13 were classified as ‘other’. Among 30 infants classified as idiopathic T-cell

lymphopenia, 11 have since resolved, and the remainder continues to be followed. One infant with
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undetectable TRECs had normal follow-up studies. Molecular studies revealed the presence of two

changes in the infant’s DNA.

Conclusions—Overall, ten infants with SCID were identified during the first 2 years of

screening in NYS, yielding an incidence of approximately 1 in 48,500 live births, which is

consistent with the incidence observed by other states screening for SCID. The incidence of any

clinically significant laboratory abnormality was approximately 1 in 5,000; both estimates are

higher than estimates prior to the onset of newborn screening for SCID. Improvements to the NYS

algorithm included the addition of a borderline category that reduced the proportion of infants

referred for flow cytometric analysis, without decreasing sensitivity. We identified a large number

of infants with abnormal TRECs and subsequent idiopathic T-cell lymphopenia. Long-term

follow-up studies are needed to determine the prognosis and optimal treatment for this group of

patients, some of whom may present with previously unrecognized, transient lymphopenia of

infancy.

Keywords

Severe Combined Immunodeficiency; newborn screening; DiGeorge syndrome; idiopathic T-cell
lymphopenia

Introduction

In January 2010, the Secretary’s Advisory Committee on Heritable Disorders in Newborns

and Children (SACHDNC) voted unanimously to recommend the addition of severe

combined immunodeficiency (SCID) as a core condition and related T-cell deficiency as a

secondary condition to the Recommended Uniform Newborn Screening Panel (RUSP),

based on the outcome of an evidence review. On May 21, 2010, the Secretary of Health and

Human Services, Kathleen Sebelius added SCID to the RUSP [1]. SCID is a genetically

heterogeneous disorder with a common finding of low or absent functional T-cells [1, 2].

Depending on the causative gene, B- and natural killer (NK)-cells may also be low or

absent. The specific clinical course varies; however, untreated, essentially all infants with

SCID will contract life-threatening bacterial, fungal or viral infections [3].Without

treatment, the mortality rate is high and the majority of infants will expire before 1 year of

age [3]. Treatment is dependent on the type of SCID and usually includes hematopoietic

stem cell transplant (HSCT), enzyme replacement therapy, or gene therapy [1]. Newborn

screening (NBS) allows for early diagnosis and treatment, which is associated with

increased survival rates [4]. The long-term survival rate is at least 94 % when infants with

SCID are treated with HSCT by 3.5 months of age [2, 4–6]. When HSCT is performed after

3.5 months of age, the survival rate is as low as 66 % [2, 7, 8].

Early diagnosis is best achieved through newborn screening because newborns with SCID

are typically asymptomatic at birth and usually do not have a positive family history [8, 9].

In 2005, Chan and Puck described a method for SCID NBS using quantification of T-cell

receptor excision circles (TRECs) and demonstrated its reliability in identification of infants

with T-cell lymphopenia [10]. Wisconsin and Massachusetts initiated population-wide SCID

screening using the TREC assay in 2008 and 2009, respectively [11–14]. The first infant
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with combined immunodeficiency (RAC2 mutation) identified via screening and requiring

transplant was identified in Wisconsin in 2008 [14].

TRECs are a unique, DNA by-product formed during the normal process of T-cell

maturation in the thymus. Low or absent TRECs in a dried blood spot (DBS) may be

indicative of an underlying T-cell deficiency. Differential diagnoses include typical SCID,

hypomorphic mutations leading to leaky SCID with or without an Omenn syndrome

phenotype, complete DiGeorge anomaly, secondary causes of T-cell lymphopenia and

idiopathic T-cell lymphopenia [15–17]. Non-pathological low TREC levels may be

associated with prematurity [13].

In September 2010, New York became the fourth state to screen newborns for SCID using

the TREC assay. The TREC assay is the first DNA-based first-tier newborn screening test

performed in NYS. We describe our method for high-throughput, automated DNA

extraction and TREC analysis to accommodate cost effective SCID screening in a high

birthrate state [18]. In this report, the laboratory method and subsequent follow-up process

are described in detail. These data build on the current knowledge base regarding screening

and outcomes of NBS for SCID.

Methods

DNA Extraction

Eighty-seven DBS are punched into 96-well V-bottom plates (Axygen Scientific) along with

one blank punch to monitor possible contamination during the extraction process. High

quality DNA is extracted from a single 3-mm DBS using an automated lab-developed

method on the Beckman Coulter NXp liquid handling system [18]. Briefly, an initial wash

with molecular grade water is followed by a 10-min incubation in 100 µL red blood cell

lysis buffer per sample and two additional 5 min water washes (80 µL/sample). All eluates

are removed and discarded. Buffer A (50 µL) is added to each well and plates are incubated

at 70 °C for 12 min. Buffer B (50 µL) is added to each Buffer A/DBS eluate and incubated

at 99 °C for 12 min, to bring to a final extracted eluate volume of 100 µL. All extraction

steps are performed on a shaking Peltier automated laboratory positioner (Thermo) unit on

the NXp surface at 500 rpm at room temperature. Plates containing the DNA and the

cleaned DBS are sealed by aluminum film (Axygen Scientific) and stored overnight at 4 °C

prior to testing.

Calibration Curves

Concentrated plasmid containing the δRec-ψJα TREC (henceforth, SJ-TREC) sequence for

the calibration curve was kindly provided by Dr. Anne Comeau from the New England

Newborn Screening Program with permission of Dr. Daniel Douek [12]. Plasmid

concentration was determined using a Nanodrop spectrophotometer. A 2× serial dilution of

the stock plasmid was prepared in Tris-EDTA (TE) buffer to prepare an eight point

calibration curve. TREC plasmid concentrations of 1,000, 500, 250, 125, 62.5, 31.2, 15.6,

7.8 copies per µL were empirically determined during assay validation to fall within the

clinically relevant range. All calibration curve aliquots are stored at −80 °C.
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Multiplex qPCR Reaction

Amultiplex quantitative real-time PCR assay (qPCR) that utilizes TaqMan® chemistry is

used to detect TREC copy number and RNaseP levels in a single 10 µL reaction volume.

The TREC primers amplify a 62-bp product that spans the signal joint of the SJ-TREC, with

the TREC probe lying across the splice junction; therefore, only circularized DNA resulting

from T-cell receptor rearrangement can be amplified. The reaction also includes primers/

probe to co-amplify the RNaseP gene RPPH1, to provide real-time information about the

extraction robustness and to monitor for contamination in the no template controls. The 10

µL qPCR reaction is set up in a 384-well optical plate (Applied Biosystems) and is

comprised of the following components: 5 µL Environmental Master Mix (Applied

Biosystems), 0.5 µL TaqMan RNaseP VIC Control Reagent (Applied Biosystems), 0.5 µL of

a Custom TaqMan TREC FAM Assay (Applied Biosystems), 2 µL of molecular grade water

and 2 µL of extracted DNA. The Custom TaqMan TREC FAMAssay consists of an SJ-

TREC forward primer (5′ tgacacctctggtttttgtaaagg 3′), an SJTREC reverse primer (5′

tgcaggtgcctatgcatca 3′) and the SJTREC TaqMan MGB (minor groove binder) Probe (5′-

FAMcccactcctgtgcacg- NFQ-3′). The assay quantifies the amount of FAM and VIC signal

generated on an Applied Biosystems 7900HT Fast Real-Time PCR system with a 384-well

block by using the following thermal profile: 1 cycle at 95 °C (10 min) followed by 45

cycles of 95 °C (15 s) and 60 °C (1 min). All DNA and reaction mixes were added to the

384-well plates using a Beckman Biomek NXp liquid handling system.

Data Collection and Analysis

Absolute qPCR data was collected using Applied Biosystems SequenceDetection System

software version 2.3. Threshold and baseline (ΔRn) values were manually corrected for both

targets for each run. Threshold and baseline values for TREC were 0.12 and 25 and 0.1 and

23 for RNaseP, respectively. Following the completion of each 384-well plate run, the

calibration points constructing the curve were analyzed and up to 5 points out of 24 were

allowed exclusion as long as one calibration point from the lowest concentration TREC copy

calibrator was included. Calibration curves with slopes not between −3.0 and −3.6, an r2

<0.95 or a y-intercept of <36 or >43 were considered fails [19].

TREC copy number was estimated by linear regression analysis of individual TREC Cqs on

the calibration curve. A comparison of TREC to RNaseP Cqs was used to validate specimen

results by correlating DNA extraction quality (RNaseP) and TREC values. Samples with

>200 TRECs and an RNaseP Cq value <35 were considered to be within acceptable limits

(screen negative). During the validation process, it was empirically ascertained that an

RNaseP Cq value of 35 equated to ~0.1 ng/ µL of extracted DNA. We determined that

TRECs could not be reliably detected at DNA concentrations <0.1 ng/µL, therefore, samples

with RNaseP Cq ≥35 were considered assay fails that were likely due to problematic DNA

extractions. Samples with ≤200 TRECs and/or an RNaseP Cq value <35 were considered

abnormal. Abnormal samples were retested in duplicate using a fresh DBS punch and a

manual version of the same DNA extraction. The average of the three calculated TREC

values determined whether further action was required (see Appendix).
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Data Accrual and Analyses Leading to Changes in Reporting Algorithm

Originally samples were considered within acceptable limits if the average of the three

retests was >200 or if two of the three retests had >200 TRECs. All samples with average

TRECs ≤200 were considered abnormal and referred for follow-up diagnostic and clinical

testing. A threshold of 200 TRECs was originally selected as the cutoff because it

corresponded to approximately 10 % of the daily TREC mean in NYS and was two to three

times higher than any TREC value determined in any sample from an infant with confirmed

SCID tested during the assay validation process. A review of the data after the first 3.5

months of screening showed that TRECs were undetectable in the single infant confirmed

with SCID. Infants with TREC levels 150–200 were found to have no evidence of immune

deficiency, except for one infant with 22q11.2 deletion syndrome (Table V, Case Number

17). Therefore, In January 2011, a borderline category was added. In these instances, a

repeat specimen was requested for infants with 150–200 TRECs. Non-premature infants

with ≤200 TRECs on the repeat specimen were referred for a diagnostic evaluation. In July,

2011, the borderline category was expanded further to 125–200 TRECs.

Premature Infants

An exception in the algorithm was made for premature infants based on the experience of

the Wisconsin and Massachusetts Programs of identifying lower TREC values in this

population [6, 11]. For infants with ≤200 TRECs who were born prematurely (defined as

<37 weeks gestation), a repeat specimen was requested at an age equivalent to at least 37

weeks gestation. However, if a repeat specimen was received prior to 37 weeks and >200

TRECs were present, the specimen was considered to be within acceptable limits and no

further follow-up was requested. Infants with undetectable TRECs were referred for a

diagnostic evaluation, regardless of gestational age (see Appendix).

Follow-Up Process

Infants with low TRECs, as defined above, were referred to an immunologist or infectious

disease specialist for diagnostic evaluation at one of eight Specialty Care Centers in NYS.

Follow-up clinical testing included complete blood count (CBC) and flow cytometry studies

to assess the number of lymphocytes and T-cells (see Appendix). If clinically indicated, T-

cell activation with mitogens, chromosome analysis and genetic testing were performed as

appropriate. At the time of referral, a repeat newborn screening specimen was requested, to

verify identity (i.e., that the sample with low TRECs came from the baby undergoing

diagnostic evaluation) and to repeat the TREC analysis. The diagnosis was determined by

the treating physician and categorized using the guidelines developed by the Newborn

Screening Translational Research Network (NBSTRN) [20, 21]. The treating physician

reported the outcome as no evidence of disease or a clinically significant laboratory

abnormality defined as any finding on CBC or flow cytometry that required treatment or

monitoring. For newborns without SCID, a birth defect or another syndrome, who required

ongoing monitoring or treatment for a deficiency of T-cells, the consensus of the Center

Directors was to use the diagnosis of idiopathic T-cell lymphopenia (ITCL). For infants with

a SCID or leaky SCID diagnosis, a strict laboratory cut-off value was not used as a case

definition. National case definitions had not been developed when SCID NBS started in
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NYS. The precedent for other disorders on the NY newborn screening panel is to rely on the

clinical expertise of the specialists to diagnose and categorize cases. Therefore, a similar

approach was used when SCID NBS was implemented.

Sequencing TREC Probe Region

DNA extracted (2 µL) as described previously [18] was used to sequence the TREC probe

region of one infant with undetectable TRECs on multiple specimens but normal

confirmatory studies. Primers up and downstream TREC amplicon were designed and a 329

bp PCR product was amplified using standard conditions (Primers: SJTREC_8F [5′ - GAA

GAA GGC TCT GTC TAG TGT GA - 3] and SJTREC_7R [5′ - GCA ACT CGT GAG

AAC GGT GA - 3′]). BigDye® Sanger sequencing was performed on an ABI 3730 DNA

Analyzer.

Results

The average TREC counts and associated 95 % confidence intervals (CI) were estimated

over a 3 month period using initial specimens from the overall newborn screening

population stratified by gender and race/ethnicity. The mean TRECs/µL in the population

was 1,832 (95 % CI=1,823–1,841). Gender and race/ethnicity distributions both differed

between the screen negative and screen positive referral populations. Among infants

referred, the male to female ratio was 1.72 (336:195; p<0.001; chi-square test). Male infants

had fewer TRECs than females (average in males 1,700 [95 % CI=1,689–1,712] versus

females 1,971 [95 % CI=1,958–1,984]). Race/ethnicity also differed between screen

negative and screen positive infants (p<0.001; chi-square test), and appeared to be primarily

driven by an increased frequency of Black infants in the screen positive referral population,

who had lower TRECs than other race/ethnicities (Table I).

Screening Outcomes

From September 29, 2010 to September 28, 2012, 485,912 infants were screened for severe

T-cell defects by the New York State Newborn Screening Program. Overall, 99.6 % of

infants screened negative, e.g. normal number of TRECs. During this 2 year period, 0.36 %

(1 in 278) infants had an abnormal result and were referred for a diagnostic evaluation or a

repeat specimen was requested (Table II; Fig. 1). Addition of the borderline category to the

screening algorithm, where a repeat specimen was requested instead of immediate referral,

reduced the overall referral rate from 0.2 to 0.1 %.

Overall, 97 infants with a clinically significant condition were identified via screening. Nine

infants with typical SCID and one infant with leaky SCID were identified (Table III). Thirty

infants were diagnosed with idiopathic T-cell lymphopenia (newborns without SCID, a birth

defect or another syndrome, who required ongoing monitoring or treatment for a deficiency

of T-cells). Twenty-seven infants were diagnosed with a non-SCID syndrome with T-cell

impairment. Seventeen infants were diagnosed with secondary T-cell lymphopenia as a

complication of a major birth defect or surgical thymectomy. Other laboratory abnormalities

were identified in 13 infants. Absolute T-cell counts (CD3) were normal on flow cytometry;

however, these infants exhibited other immune abnormalities including two with
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neutropenia, one with hypogammaglobulinemia, one with a low absolute lymphocyte count,

one with selective IgA deficiency, seven with low CD19 and one with a low CD8 of

unknown etiology.

Overall Statistics 2010–2012

For typical and leaky SCID, the PPV was 2.1 % (10/478; 468 false positives) and the

negative predictive value was 100 % (no known false negatives). Borderline and premature

infants that resolved on a repeat newborn screen were excluded from this calculation.

Pending, lost-to-follow-up and expired infants were also excluded. For typical and leaky

SCID only, the PPV was 0.6 % before and 2.7 % after addition of the borderline category,

respectively. The incidence of SCID in NYS during the first 2 years of screening was

approximately 1 in 48,500.

The overall positive predictive value (PPV) using the current algorithm was 20.3 % (97/478;

381 were false positives) when all infants with a confirmed abnormal flow cytometry or

other abnormal immunologic test result were considered. The PPV for all abnormal

immunologic test results increased from 11.0 to 24.0 % after the addition of the borderline

category. The incidence of any clinically significant immune disorder after a positive TREC

screen was approximately 1 in 5,000. The classifications described below are based on the

recently published CLSI guidelines [21].

Typical and Leaky SCID

Seventy percent of all SCID cases were male. Two were classified as White, two as Black,

three as Hispanic, two as Asian and one as “Other” on the Guthrie card. The majority of

cases (N=7) underwent HSCT and are doing well (Table IV). Themost common clinical

phenotype was an absence of T-cells (T-B+NK+; N=5), including the one infant with leaky

SCID. Three babies, two with ADA deficiency and one with common gamma chain

deficiency, also had an absence of B- and natural killer cells (T-B−NK−). Two cases with

IL2RG mutations had B cells but no NK cells (T-B+NK−). One case with typical SCID and

multiple congenital anomalies underwent extensive genetic testing but the disease-causing

gene was not identified; this patient expired. Eight of nine babies with typical SCID

repeatedly had undetectable TRECs. One baby with typical SCID had a single assay with

>100 TRECs, resulting in an average of 55. The baby with leaky SCID had an average of 65

TRECs and a single assay with >100 TRECs.

Syndrome with T-Cell Impairment

Most of the infants identified with a syndrome with T-cell impairment had chromosome

disorders with multi-system involvement. The most common syndrome with T-cell

impairment identified by the TREC assay was 22q11 deletion syndrome (Table V). This

diagnosis was established either clinically by phenotype or by a molecular cytogenetic

study. Approximately 1 in 27,000 newborns were referred for immunologic evaluation based

on low TREC copy numbers and also had 22q11 deletion syndrome. Congenital heart

defects were present in ten and two had an absent kidney. One patient did not have major

defects associated with 22q11 deletion syndrome at birth, had mild T-cell lymphopenia and

was not diagnosed with DiGeorge syndrome until 10 months of age. Two patients with the
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DiGeorge phenotype did not carry the chromosome 22q11 deletion. One was identified with

a DiGeorge anomaly (absent thymus) secondary to diabetic embryopathy, which has been

reported in other patients [22]. The second case was found to carry a deletion at the second

DiGeorge syndrome locus (DGS2): 46,XY,del(10)(p13) and had clinical findings of

imperforate anus, bilateral deafness, hypothyroidism, hypocalcemia and patent ductus

arteriosus.

Other chromosome disorders identified in our cohort include one infant with 17q12

duplication syndrome (arr 17q12 (34,611,377–36,248,889x3)), four with Down syndrome,

one with trisomy 18, one with chromosome 6p deletion syndrome and one with a ring

chromosome 17. Two of the patients with Down syndrome are included in Table VII

describing patients with secondary T-cell lymphopenia due to severe T-cell lymphopenia

related to other factors (Table VII, Case 52, 56). One infant was found to have severe

immune deficiency and CHAR GE syndrome (confirmed by a mutation detected in CHD7).

Idiopathic T-Cell Lymphopenia

Nearly one-third (30.9 %) of newborns with a clinically significant diagnosis after screening

positive in the TREC assay were classified as idiopathic T-cell lymphopenia. To our

knowledge, a definition of idiopathic T-cell lymphopenia (ITCL) in the context of newborn

screening does not exist in the literature currently. We define ITCL as infants without SCID,

a birth defect or another syndrome that required ongoing monitoring or treatment for a

deficiency of T-cells. The TREC copy numbers, T-cell counts and clinical treatment of these

30 infants were variable. Six were administered antibiotic prophylaxis (20 %). Interestingly,

a pair of brothers had undetectable TRECs and both were administered antibiotics. The flow

cytometry abnormalities resolved in 11 patients (37.9 %) at an average age of 11.9 months

(Table VI; age available in eight cases). These infants likely have transient lymphopenia of

infancy, previously unidentified, that is the corollary of the well known condition, transient

hypogammaglobulinemia of infancy. Eighteen patients still exhibit T-cell lymphopenia and

are being monitored.

Secondary T-Cell Lymphopenia

The majority of infants with secondary T-cell lymphopenia had major birth defects

including hypoplastic left heart syndrome, congenital diaphragmatic hernia and gastroschisis

(Table VII). TRECs in these infants varied from undetectable to 181.

Premature Infants

TREC averages varied by gestational age. The mean TREC level in the overall premature

population was 1,521 (95%CI= 1,494–1,548; Fig. 2), and there was a trend towards fewer

TRECs in babies born at earlier gestational ages. One premature infant with undetectable

TRECs and multiple congenital anomalies was also diagnosed with SCID, demonstrating the

importance of immediately referring all infants with undetectable TRECs, regardless of

gestational age.
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Infants with Undetectable TRECs and Normal Flow Cytometry

Among cases with undetectable TRECs on the initial screen identified as false positives by

flow cytometry (i.e., referred but no disease), TRECs were detectable on a second sample.

The only exception was a single infant who was referred for a clinical evaluation based on

undetectable TRECs. Laboratory studies including CBC, flow cytometry, memory cells and

mitogens were normal. TRECs were undetectable on a repeat newborn screen. Failure of the

probe to detect its targeted region was suspected. The patient’s TRECs were sequenced and

two SNPs were detected in the sequence targeted by the TREC probe (Fig. 3). Both SNPs in

the TREC probe binding site are reported in dbSNP. The first, rs76132819

(NT_026437.12:g.3944295C>T) has a reported minor allele frequency (MAF) of 8.3 % and

15.3 % among 120 CEU and 118YRI chromosomes, respectively [23]. The MAF for the

second SNP, rs79211180 (NT_026437.12:g.3944301C>T), is reported to be 0.8 % in 118

YRI chromosomes. Given the complete failure of TRECs to amplify, the SNPs are likely on

opposite chromosomes.

Discussion

New York State implemented SCID NBS in 2010, screening 485,912 newborns in 2 years.

According to discussions with regional pediatric medical centers, every infant born in NYS

with SCID during this time has been identified by newborn screening. Previous estimates of

the incidence of SCID were 1 in 40,000 to 1 in 100,000 [2, 10]. Newborn screening data

reported by California and Wisconsin suggests an incidence of 1 in 40,000 to 1 in 70,000.

California reported an incidence of 1 in 66,250 infants requiring hematopoietic stem cell

transplant, thymus transplant or gene therapy [7]. Wisconsin reports an incidence 1 in

41,539 infants with SCID or severe T-cell lymphopenia [16]. Based on newborn screening

in more than 450,000 infants, it appears that the incidence of typical and leaky SCID in NYS

is closer to between 1 in 50,000 and 1 in 60,000 and is consistent with the incidence

observed by other states screening for SCID.

The NYS algorithm was modified twice in the first year of screening to increase the PPV

while still keeping the risk of missing an infant with leaky SCID low. To date we are not

aware of any missed cases of leaky SCID. Our goal is to improve the sensitivity and

specificity of our screen to maximize the PPV as we expand our understanding of TREC

point estimates and distributions in the true positive, false positive and normal populations.

To remain conservative, we created a borderline category in lieu of a lower cut-off. We

believe many false positive screens are likely due to either poor specimen quality, biological

variation in the normal range of TRECs in newborns (our data shows that TRECs vary by

gestational age, gender and race/ethnicity), or the presence of SNPs in the T-cell receptor

region of genomic DNA. These data demonstrated that TRECs are lower in infants reported

as Black, which is likely contributing to the higher referral rate in Black infants in NY. It is

possible that lower TRECs are a consequence of white blood cell counts, which are known

to be 10–20 % lower in African Americans compared to European Americans, partly due to

the common variant rs2814778 in the DARC gene that confers selective advantage against

malaria in the African American population [24–26]. Further studies are needed to

determine why TRECs are lower in males, which probably contributes to the observed
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skewed referral ratio. The screening algorithm may be refined further as additional data to

support or refute these hypotheses are collected and analyzed.

Low TREC values detected by screening in premature infants were first reported by

Wisconsin and later by Massachusetts [12, 14]. While, there is a report in the literature that

addresses diagnostic challenges in premature infants, we are not aware of published normal

reference ranges for TRECs in a premature population [27]. Our data also supports an

association of TRECs with gestational age and we have observed that TRECs typically

‘normalize’ (i.e. return to the mean) at an equivalent of 37 weeks gestation. We agree with

Drs. Ward and Baptist [27] and many states like ours who implemented the use of repeat

specimens to enhance specificity [21]. Our case of a premature infant with undetectable

TRECs and typical SCID confirmed for us an approach developed independently by early

screening states to ensure that all infants with undetectable TRECs are referred for a

diagnostic evaluation regardless of gestational age [21]. Other states planning to screen or

currently screening for SCID might consider this in their algorithm development.

In addition to premature infants, we identified one baby with undetectable TRECs, yet a

normal diagnostic evaluation. Further investigation demonstrated this infant had two SNPs

in the TREC region used for our probe, resulting in complete failure of amplification. This

possibility should be considered for cases with a normal diagnostic evaluation and repeated

undetectable TRECs on the newborn screen, although this is a rare occurrence in NYS

infants (1 of 485,912). It is also possible that infants referred with low TRECs or infants in

the lower end of the normal distribution carry a SNP(s) in the TREC primer or probe

binding sites. This possibility is being investigated in a subset of referred infants (of varying

race/ethnicities) with normal CBC and flow cytometry results.

One consideration for Programs is the extent babies are detected with diagnoses other than

typical or leaky SCID. For example, in NYS, the TREC assay identified more infants with

DiGeorge syndrome than typical SCID. The incidence of DiGeorge syndrome is estimated at

1 in 4,000 [28, 29]. In NYS, we can infer that the TREC assay identified approximately 14.8

% of individuals with DiGeorge syndrome. Previous estimates suggest that 80 % of

individuals with DiGeorge syndrome have some immune system involvement [28, 29].

Therefore, we conclude that the TREC assay will not identify all infants with immune

involvement related to DiGeorge syndrome. Conversely, patients with TRECs in the low

normal to normal range demonstrating any phenotype associated with DiGeorge syndrome

should be evaluated for immune dysfunction. Our assay identified patients with DiGeorge

syndrome and severe immune involvement, which occurs in less than 1.5%of newborns [28,

29]. Identifying this group is important for medical management [29]. The importance of

early identification of the group with milder involvement is unknown, and assessment of

long-term outcomes may be helpful in the ongoing discussion about newborn screening for

22q11 deletions [30].

Another non-SCID syndrome detected in NYS was Down syndrome (n=4 newborns).

Precocious aging is a feature of Down syndrome, involving many organ systems, including

the thymus [31, 32]. Two studies in children with Down syndrome noted that TRECs were

decreased compared to a control population, and there was a strong negative correlation with
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age. Thus the reduced TREC numbers in individuals with Down syndrome may be age

dependent.

In order to understand the underlying causes and possible outcomes in infants with low

TRECs and ITCL identified in the newborn period, long-term follow-up is required.

Additional molecular testing, including sequencing of known immunodeficiency genes

and/or whole exome sequencing, may help elucidate the cause of immunodeficiency in

patients with idiopathic T-cell lymphopenia [33]. Interestingly, one infant diagnosed with

idiopathic T-cell lymphopenia and an average of 75 TRECs had 228 CD3 cells. The

clinician chose the “wait and watch” approach described by Verbsky et al., and the patient

was placed in isolation, received antibiotic prophylaxis and was not given live vaccines, but

HSCT was not done [15].By 9 months of age, the CD3 count normalized to 2,829. This case

demonstrates the diagnostic challenges facing clinicians in states that are screening for SCID

and the need for long-term follow-up. Currently, in NYS, short-term follow-up concludes

when a diagnosis is obtained. Results of additional testing and treatment are considered

long-term follow-up. Long-term follow-up data for SCID are not actively being collected in

NYS at the present time, however, there are plans to implement long-term follow-up in the

future, in accordance with national efforts.

Conclusions

Newborn screening for severe T-cell deficiencies in NYS identified ten infants with SCID.

Nine of the ten patients (90 %) received HSCT or enzyme replacement therapy and are

doing well demonstrating that SCID NBS is beneficial. Additional data and follow-up may

allow for further adjustments and improvements to the screening algorithm, leading to an

increased PPV. It appears that a very conservative cut-off could be used to detect typical

SCID. However, lowering the cutoff would reduce the number of patients identified with

non-SCID disorders that benefit from early or pre-symptomatic identification, requiring

medical management. Long-term follow-up is necessary to determine the benefits of

identifying individuals with idiopathic T-cell lymphopenia, syndromes with T-cell

impairment and secondary T-cell lymphopenia. Because only one patient with leaky SCID

was identified, more data are needed to determine whether further algorithm adjustments

would impact detection of this group. National collaboration is also essential to obtain

enough data to learn about the long-term impact of SCID NBS, and outcomes in patients

with and without typical SCID. Comprehensive data collection using a common national

dataset is important. The role of groups such as the Newborn Screening Translational

Research Network will be invaluable to assess laboratory practice, diagnosis and short- and

long-term follow-up.
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Fig. 1.
The total number screen negative and screen positive are shown in boxes followed by the

number of infants in each category (i.e. referral, borderline, premature). The final disposition

of screen positive infants is also included
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Fig. 2.
TREC data from premature infants in groups of gestational age on the x-axis (<25, 25–31,

32–33, 34–36, ≥37 weeks). Data shown for 3 month dataset. Mean TRECs increased with

increasing gestation age: 1,072 (<25), 1,319 (25–31), 1,508 (32–33), 1,570 (34–36), 1,862

(≥37 weeks). The difference in mean TRECs in term and pre-term infants was significant

(p<0.001, t-test). Minimum, first quartile, median, third quartile and maximum are depicted

in the figure. Outliers are shown as dots, and extreme outliers are shown as stars. Created

using SPSS v.17.0
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Fig. 3.
Sequence analysis of δRec-ψJα Signal Joint region from an infant with normal flow

cytometry and undetectable TREC on newborn screen specimens. The reference sequence is

highlighted in blue. The forward and reverse primers (blue arrows) flank the SJ-TREC

Taqman Probe (underlined in red), which spans across the splice junction (purple arrow).

Two SNPs, both C>T changes at the second and eighth base pair within the FAM probe, are

indicated by red arrows. Y is the IUPAC code for a C/T heterozygote
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Table I

TREC and referral distribution by race/ethnicity

Race/ethnicity Proportion screen
negative infants

Proportion screen
positive infants

N infantsa Mean TREC copies/µl
(95 % confidence interval)a

White 48.4 % 29.6 % 31,315 1,885 (1,873–1,898)

Black 16.4 % 41.6 % 10,227 1,649 (1,628–1,669)

Hispanic 17.7 % 14.7 % 9,899 1,844 (1,821–1,866)

Asian 8.0 % 2.4 % 5,606 1,861 (1,833–1,888)

Other 9.5 % 11.3 % 6,512 1,819 (1,793–1,846)

a
Includes screen negative (not referred) and screen positive infants tested over a 3 month period
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Table II

Patients referred for a diagnostic evaluation; N=531

Number
of infants

Percent (%) Outcome

381 71.8 Referred to specialist; normal diagnostic evaluation

97 18.3 Referred to specialist; clinically significant condition

14 2.6 Referred to specialist; pending further evaluation

14 2.6 No longer referral due to addition of borderline category; screen negative repeat specimen received

16 3.0 Expired, no diagnosis

8 1.5 Lost to follow-up

1 0.19 Parental refusal
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Table III

Patients with abnormal flow cytometry and/or CBC; N=97

Number
of infants

Diagnosis

9 Typical SCID

1 Leaky SCID

19 Idiopathic T cell lymphopenia of the newborn

11 Idiopathic T cell lymphopenia of the newborn, resolved

27 Syndrome with T cell impairment

17 Secondary T cell lymphopenia other than pre-term

13 Other
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Table VII

Patients with secondary T-cell lymphopenia; N=18

Case number Gender TREC average on initial
specimen (TRECs/µL)

Description

40 Male 98 Congenital diaphragmatic hernia, mild hypocalcemia, congenital heart disease,
corticosteroid therapy in NICU, familial macrocephaly

41 Female 1,670 pre-surgery; 116 post-
surgery

Surgical thymectomy during congenital cardiac defect repair

42 Female 769 pre-surgery; 95 post-
surgery

Hypoplastic left heart, thymectomy

43 Female Undetectable Dysmorphic features, non-immune hydrops, VSD, micrognathia, cleft palate,
baby expired

44 Male 28 Previous diagnosis of leukemia, patient receiving chemotherapy, screened at 6
months of age

45 Male 101 Hypoplastic left heart

46 Male 102 TGA and right congenital diaphragmatic hernia, low TREC likely due to third
spacing, Negative FISH for 22q11.2

47 Male 6 Gastroschisis

48 Female 58 Complex congenital heart defect and chylothorax

49 Male 181 Dandy Walker malformation, heart defect, cleft palate

50 Male 63 Hypoplastic left heart

51 Male Undetectable Gastroschisis

52 Male 31 Trisomy 21 with non-immune hydrops; loss of lymphocytes in severe effusions,
bone marrow biopsy showed normal lymphocyte counts and subsets

53 Female Undetectable Non-immune hydrops, dysmorphic features, VSD, micrognathia, cleft palate

54 Male 96 Gastroschisis and congenital diaphragmatic hernia

55 Male Undetectable Omphalocele

56 Male 1,642 pre-surgery; 46 post-
surgery

Trisomy 21 with surgical thymectomy during cardiac defect repair

57 Male 78 Elevated 3-methylglutaric acid and 3-methylglutaconic acid on urine organic acid,
possible mitochondrial disease, expired
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