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Second-tier genetics improves newborn screening
accuracy for SCID and other T cell deficiencies
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Joris M. van Montfrans®®, Clementien L. Vermont®®, Gijs T.). van Well’°®, Evelien Zonneveld-Huijssoon'®, Els Voorhoeve*®,

Mariélle E. van Gijn*?@®, and Mirjam van der Burg'®

Newborn screening (NBS) based on quantifying T cell receptor excision circles (TRECs) is highly sensitive for detecting severe
combined immunodeficiency (SCID), but frequently results in false-positive referrals. These referrals contribute to parental
distress, increased clinical workload, additional interventions, and costs. To increase the positive predictive value (PPV) for
SCID and other T cell deficiencies with a genetic cause, we evaluated next-generation sequencing (NGS) as second-tier testing
after TREC analysis. Targeted sequencing was performed on dried blood spots of 68 newborns referred from TREC-based NBS,
and results were integrated with collected long-term follow-up data. A safety net algorithm was applied to maintain high
sensitivity for SCID by directly referring newborns with profoundly reduced TRECs, increasing the PPV from 22% to 55%
without missing patients with severe immunological phenotypes. Therefore, the clinical impact of not identifying non-severe
T cell lymphopenia patients without a genetic diagnosis appears limited. These results demonstrate that second-tier NGS in

TREC-based NBS improves screening accuracy for SCID and other T cell deficiencies.

Introduction
Newborn screening (NBS) for severe combined immunodefi-
ciency (SCID) has been increasingly adopted worldwide. De-
tecting SCID through NBS allows early initiation of preventive
measures and curative treatment with hematopoietic stem cell
transplantation or gene therapy at a pre-symptomatic stage,
leading to improved clinical outcomes and survival (1, 2, 3, 4).
SCID encompasses a group of monogenic disorders causing
absent or dysfunctional T cells, often associated with aberrant
development of other lymphocyte lineages as well (5, 6). NBS for
SCID is performed using quantitative PCR (qQPCR) to quantify
T cell receptor excision circles (TRECs) in dried blood spots
(DBSs), which serve as a molecular biomarker for T cell matu-
ration in the thymus (7, 8). TREC quantification is highly sen-
sitive for detecting T cell lymphopenia and, consequently, for
identifying SCID. However, it more frequently results in sec-
ondary findings, as multiple other conditions also present with

low T cells at birth (8, 9, 10, 11). Besides SCID, other inborn errors
of immunity (IEIs), such as cartilage hair hypoplasia (RMRP
gene) and ataxia telangiectasia (ATM gene), can also present
with low TRECs (6, 12, 13). Notably, since the introduction of
TREC-based NBS, an increasing number of patients with T cell
lymphopenia carrying heterozygous FOXNI variants have been
found (14). Genetic syndromes can also be associated with low
TRECs, including 22q11.2 deletion syndrome, trisomy 21, and
Noonan syndrome (12, 13, 15). Nongenetic secondary findings
can include idiopathic T cell lymphopenia (ITCL), preterm birth
or low birth weight, and various reversible conditions such as
neonatal infections, congenital anomalies, and maternal im-
munosuppressant use (12, 13, 16, 17). Finally, false-positive TREC
results can occur where diagnostic immunophenotyping reveals
normal lymphocyte subsets, but no clinical cause for the low
TRECs is identified (10). In screening programs that define only
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SCID as the screening target, the TREC assay consequently has a
low positive predictive value (PPV). Some programs apply a
broader definition for the screening target, such as SCID and
severe T cell lymphopenia (18), which results in a higher PPV.

Among these secondary findings, it is important to distin-
guish actionable findings, where early intervention due to early
detection improves clinical outcomes, from non-actionable
findings, where early detection does not enable intervention or
where intervention does not lead to health gain (19). Non-
actionable findings contribute not only to increased workload,
additional medical interventions, and healthcare costs but also to
significant emotional strain on parents, often causing stress,
uncertainty, and anxiety (20). To decrease non-actionable
findings and false-positives, second-tier tests after TREC
analysis have been proposed, including epigenetic immune cell
counting to quantify relative CD3* T cell counts and an alter-
native TREC qPCR assay. Although these methods were effective,
the impact on the referral rate was limited and may miss
potentially actionable genetic findings such as FOXNI hap-
loinsufficiency and 22q11.2 deletion syndrome (21).

Second-tier next-generation sequencing (NGS) could sub-
stantially reduce referrals in TREC-based NBS while maintain-
ing high sensitivity for genetic findings. This approach could
enable a rapid genetic diagnosis not only for patients with SCID
but also for other IEIs presenting with low TRECs and T cell
lymphopenia (22, 23). In this study, we evaluated targeted NGS
as a second-tier test after TREC analysis and integrated the re-
sults with retrospective patient follow-up data to assess the
clinical impact on reducing non-actionable secondary findings.

Results

Technical performance

Libraries were prepared for 176 DNA samples; 68 with low
TRECs in NBS (<10 copies/3.2 mm DBS punch), 100 with normal
TRECs in NBS, and 8 additional DBS samples from SCID patients
(Fig. 1). Four samples were excluded due to insufficient library
yield, leaving 172 (97.7%) for sequencing. Of these, 165 (95.9%)
achieved sufficient coverage (295% of the target region with 20x
read depth). All failed low-TREC NBS samples (n = 3) were re-
tested, along with NBS samples with normal TRECs, resulting in
170 samples for data analysis. Overall, 92.7% of amplicons (n total
= 3,003) had >20x read depth across all analyzed samples (n =
170) (Fig. S1). Based on logged individual experiences, the esti-
mated time to obtain sequencing data was 3 days, comprising 1h
for DNA isolation, 1.5 days for library preparation (including
overnight PCR), and overnight sequencing. Including data
analysis and reporting, the turnaround time would be approxi-
mately 4 days, depending on how second-tier NGS is im-
plemented into routine screening practice.

Variant interpretation

From the 162 NBS cases included in the data analysis, 124 (76.5%)
were directly screen negative, indicating that there were no
filtered variants marked for manual review (Fig. 2). In the re-
maining 38 cases, which included 25 of the low-TREC cases
(36.8%) and 13 of the normal-TREC cases (13.8%), 50 variants
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Figure 1. Sample processing.

were filtered and manually reviewed for pathogenicity. Of the
reviewed variants, 22 were classified as a variant of uncertain
significance (VUS), including 9 variants not reported in the as-
sessed variant databases (Table S1). A VUS was found in 12 of the
low-TREC cases (17.6%) and 10 of the normal-TREC cases
(10.6%).

All pathogenic variants in the 15 SCID and IEI patients from
NBS were confirmed (Table 1). A detailed overview of the var-
iants detected in cases 1-10 is provided in Table S3. An additional
heterozygous TBXI deletion was found in a low-TREC case (case
52), in which T cell levels normalized after repeat im-
munophenotyping, and low TRECs were attributed to low birth
weight. No genetic diagnostics were performed, so this finding
could not be confirmed from the existing clinical data and was
therefore reported to the treating physician. No pathogenic or
likely pathogenic variants were found in the NBS cases with
normal TRECs. In all NBS cases (n = 162), no carriers of single
heterozygous pathogenic or likely pathogenic variants in genes
with autosomal recessive (AR) inheritance were identified.

Among the additionally included eight SCID cases, seven
were confirmed, including a homozygous copy number varia-
tion (CNV) involving deletion of exons 1-3 in the DCLREIC gene
(Table S4). One variant was missed in a compound heterozygous
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Figure 2. Variant filtering and reporting. (A and B) Flowcharts of the (A) applied variant filtering and (B) variant reporting strategy. A detailed overview of
the applied filters is provided in Table S2. Heterozygous pathogenic (P) or likely pathogenic (LP) variants in genes with AR and XL inheritance were only reported
when an additional VUS was identified, as indicated by the dashed box (B). AD, autosomal dominant.

RAG2 case (DBS-5). This variant was not reported in ClinVar and
was filtered out due to not passing the variant call format quality
filter (Table S2).

Reduction in referrals

Of the 68 included NBS cases referred due to low TRECs, 22 had
TREC values <2, including all SCID cases (Fig. 3 A and Table 1).
The 14 cases with a non-SCID genetic cause for T cell lympho-
penia comprised 10 IEI cases and 4 cases with (other) genetic
syndromes (Table S5). Performing second-tier NGS on all
68 low-TREC cases would decrease the referrals to 16 (23.5%)
(Fig. 3 B). To maintain high sensitivity for SCID, a safety net
approach was evaluated. With the safety net, second-tier NGS
would be performed for all newborns with low TRECs, but those
with TRECs <2 would be directly referred after the first-tier
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TREC result, with NGS results following the initial clinical
evaluation. Newborns with TRECs >2 and <10 would be referred
only if NGS results are positive. Second-tier NGS with the safety
net would result in 29 (42.6%) referrals, including 22 directly
after first-tier testing (Fig. 3 C).

Clinical impact

NGS results were compared with the collected patient follow-up
data to assess the clinical impact of reducing referrals with the
safety net approach (Fig. 3 C and Table S5). From the newborns
that would not be referred (n = 39) with second-tier NGS with
the safety net, eight were originally included in immunological
outpatient follow-up after referral from TREC-based NBS: two
with low TRECs due to maternal immunosuppressive drug use
(case 32 and 33), along with the remaining newborn with low
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Table 1. Positive NBS cases
Case no. Gene (MOI) Variant Zygosity TRECs? Phenotype
1 RAGI (AR) NM_000448.3: c.519del Homozygous 0 sciD
p.(Glul74SerfsTer27)
2 RAGI (AR) NM_000448.3: ¢.1331C>T Homozygous 0 SCID
p.(Alad44Val)
3 RAGI (AR) NM_000448.3: c.2095C>T Compound heterozygous 0 SCID
p.(Arg699Trp) and ¢.2974A>G
p.(Lys992Glu)
4 IL2RG (XL) NM_000206.3: ¢.298C>T Hemizygous 0 SCID
p.(Gln100Ter)
5 IL2RG (XL) NM_000206.3: c.190G>A Hemizygous 0 SCID
p.(Val64Met)
6 FOXN1 (AD/AR) NM_003593.3: ¢.831-2A>G Heterozygous >2 and <10 FOXN1 haploinsufficiency
p-(?)
7 FOXNI (AD/AR) ~ NM_003593.3: c.143del Heterozygous >2and <10 FOXNI haploinsufficiency
p.(Cys48SerfsTer254)
8 FOXN1 (AD/AR) NM_003593.3: c¢.1079T>C Heterozygous <2 FOXN1 haploinsufficiency
p.(Leu360Pro)
9 RMRP (AR) NR_003051.3: n.147G>A and n.-32_1dup Compound heterozygous <2 Cartilage hair hypoplasia
10 ATM (AR) NM_000051.4:¢.5979_5983del Compound heterozygous >2 and <10 Ataxia telangiectasia
p.(Ser1993ArgfsTer23) and
¢.7875_7876delinsGC
p.(Asp2625_Ala2626delinsGluPro)
1 TBX1 (AD) TBX1 deletion Heterozygous <2 22q11.2 deletion syndrome
12 TBX1 (AD) TBX1 deletion Heterozygous <2 22q11.2 deletion syndrome
13 TBX1 (AD) TBX1 deletion Heterozygous >2 and <10 22q11.2 deletion syndrome
14 TBX1 (AD) TBX1 deletion Heterozygous >2 and <10 22q11.2 deletion syndrome
15 TBX1 (AD) TBX1 deletion Heterozygous >2 and <10 22q11.2 deletion syndrome
52 TBX1 (AD) TBX1 deletion Heterozygous >2 and <10 Unknown

AD, autosomal dominant; MOI, mode of inheritance. Detected variants, TREC results, and clinical phenotype of positive cases identified by second-tier NGS in

the analyzed NBS samples (n total = 162).
2Copies/3.2 mm DBS punch (ImmunolVD).

birth weight (case 53) and patients with ITCL (n = 5). For those
with low TRECs attributed to maternal immunosuppressant use
and low birth weight, follow-up was initiated to monitor lym-
phocyte subsets. Immunophenotyping was normalized at the
first follow-up measurement, to which clinical follow-up was
discontinued within 1 to 4 mo. No prophylactic treatment was
started, and no infections occurred. Out of the five ITCL patients
that would not be referred, only one received prophylactic
treatment and experienced (viral) infections (case 55). Anti-
bacterial prophylaxis was administered for 2.2 years after re-
ferral, during which the patient experienced viral respiratory
tract infections (24). There were no complications, no hospital
admissions, and the patient recovered from these infections
quickly without treatment. After 2 years until the end of the
evaluated follow-up period of ~5 years, no infections occurred,
and prophylactic treatment was not resumed. The two cases
with a non-SCID genetic cause for T cell lymphopenia that would
not be referred were patients with trisomy 21: one was not
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included in immunological follow-up, and the other was a crit-
ically ill newborn who died at 1 mo of age.

Second-tier NGS increases PPV

Based on this cohort of 68 low-TREC cases, the PPV of the
current screening algorithm with first-tier TREC analysis
only would be 22.1%, with 15 patients diagnosed with SCID or
another IEI, and the remaining cases classified as false-
positive referrals (Table 2). Application of second-tier NGS
identified one additional case with a heterozygous TBX1 de-
letion (Table 1). Implementation of second-tier NGS with a
safety net approach would have reduced referrals by 57.4%
and increased the PPV to 55.2%. When limiting the screening
target to SCID and thus only considering pathogenic or likely
pathogenic variants in SCID-associated genes as true pos-
itives (25), the PPV would increase from 7.4% to 100%
without the safety net and to 22.7% with the safety net
(Table S6).
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Figure 3. Effect of second-tier NGS approaches on referrals. (A) Diagnostic outcomes of the analyzed low-TREC cases (n = 68, <10 copies/3.2 mm punch,
ImmunolVD) following the current screening algorithm with first-tier TREC analysis only. A more detailed overview of the clinical characteristics is provided in
Table S5. (B and C) The number of referred cases if second-tier NGS would be performed without a safety net (B) and with a safety net (C) to maintain high
sensitivity for detecting SCID. With the safety net, second-tier NGS would be performed for all newborns with TRECs <10, but newborns with TRECs <2 would
be referred directly after the first-tier result, with NGS results available after the initial clinical evaluation. Newborns with TRECs >2 and <10 would be referred
only if NGS results are positive. 2Five newborns with TRECs >2 and <10 were indirectly referred after repeat analysis on a second NBS card according to the
adjusted referral scheme after national implementation (see Materials and methods).

Discussion
In this study, we demonstrated the effect of second-tier targeted

NGS in TREC-based NBS on the PPV for SCID and other T cell
deficiencies with a genetic cause. We included 68 newborns
referred from NBS due to low TREC levels and retrospectively
performed targeted amplicon sequencing of 105 genes associated
with low TRECs and T cells at birth, according to the 2022 In-
ternational Union of Immunological Sciences (IUIS) classifica-
tion (25, 26). Using this second-tier approach, all SCID patients
(n = 5) and 11 additional IEI patients were identified, increasing
the PPV from 22.1% to 100%. However, pathogenic variants, such
as deep-intronic or structural variants, may be missed by tar-
geted NGS or may be located in novel or uncharacterized genes
not included in the panel (27, 28). To maintain high sensitivity
while integrating second-tier NGS, a safety net algorithm can be
employed, where newborns with TRECs <2 would be referred
directly, and those with TRECs >2 and <10 only if NGS results are
positive. Applying this algorithm still showed a substantial
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reduction in referrals of 57.4% (n = 39), thereby increasing the
PPV from 22.1% to 55.2%.

Due to the design of this retrospective study, we were able to
combine our findings with patient follow-up data, providing
unique insight into the clinical impact of reducing referrals from
TREC-based NBS through second-tier NGS. Potentially action-
able findings that would be missed by second-tier NGS are pa-
tients with ITCL in whom no genetic defect or underlying
clinical cause for the low TRECs is found. Currently, these pa-
tients are included in clinical follow-up after referral, during
which T cell lymphopenia may be transient or persistent (12, 29,
30). Although published long-term follow-up data are limited
(24, 31), the clinical phenotype of ITCL patients identified
through TREC-based NBS without severely decreased T cells
appears to be mild without the occurrence of serious
infections (24). As a result of second-tier NGS with the safety
net algorithm, five out of the six included ITCL patients would
not have been referred. These patients exhibited either no
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Table 2. Effect of second-tier NGS approaches on the PPV for SCID and other T cell deficiencies with a genetic cause

First-tier TREC
results?, n

Referrals, n

Performance, %

<2 >2 and <10® Total Genetic findings False-positive Reduction in referrals PPV
Current NBS 22 46 68 15 53 NA 22.1%
Second-tier NGS
Without safety net® 22 46 16 16 0 76.5% 100%¢
With safety netd 22 46 29 16 13 57.4% 55.2%¢

NA, not applicable.
2Copies/3.2 mm DBS punch (ImmunolVD).

bFive newborns with TRECs >2 and <10 were indirectly referred after repeat analysis on a second NBS card according to the adjusted referral schema after

national implementation (see Materials and methods).

Second-tier NGS algorithm without a safety net, where only newborns with positive second-tier NGS results would be referred (Fig. 3 B).
dSecond-tier NGS algorithm with a safety net, where newborns with TRECs <2 would be referred directly, and those with TRECs >2 and <10 only if NGS results

are positive (Fig. 3 C).

eConsidering all identified cases true-positive, although one new case was not (yet) diagnostically confirmed.

recurrent or severe infections or only a mild phenotype re-
stricted to viral infections. Consequently, the clinical impact of
not detecting ITCL patients without severely decreased TRECs
or T cells by second-tier NGS seems acceptable and may even be
considered beneficial from a parental perspective by prevent-
ing anxiety related to an ITCL diagnosis in their newborn. For
ITCL patients with severely decreased T cells, or SCID patients
with unknown genotypes, the safety net algorithm is designed
to detect them regardless.

For this targeted NGS approach, a broad gene panel was de-
signed that included not only SCID genes, but all genes linked to
the phenotype of low TRECs and T cells at birth (n = 105) (25, 26).
Discussions on the composition of NBS gene panels and subse-
quent reporting strategy, however, should remain ongoing and
be guided by a multidisciplinary approach. Particular attention
should be given to genes for which inclusion is debatable, such as
ATM, which is associated with ataxia telangiectasia, a severe
neurodegenerative disorder without curative treatment and a
variable immunological phenotype (32, 33, 34). Including such
genes in a second-tier panel requires more extensive parental
counselling before NBS participation. Additionally, the inte-
gration of second-tier NGS into the screening program may
necessitate re-evaluation of current informed consent proce-
dures. In the Netherlands, information provision to parents
about NBS begins during pregnancy and primarily focuses on its
aim, procedure, and included conditions (35). Details on test
methodologies are generally not provided, including DNA-
sequencing methods already used in follow-up tier testing for
cystic fibrosis and X-linked (XL) adrenoleukodystrophy. It re-
mains to be determined whether information provision should
be expanded to include test details when second-tier targeted
NGS is implemented.

Targeted sequencing of a gene panel has both its advantages
and disadvantages compared to whole-exome sequencing (WES)
and whole-genome sequencing (WGS). By sequencing only genes
of interest, targeted NGS aligns more appropriately with the
principles of NBS than sequencing the entire exome or genome
with, respectively, WES or WGS (36). As sequencing of a gene
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panel restricts genomic data generation to predefined targets,
ethical concerns, including those related to public acceptability
and parental uptake, are reduced (37, 38, 39). Additionally, data
storage is smaller, which offers practical benefits, such as lower
cost and improved sustainability. Disadvantages of a targeted NGS
approach mostly lie with technical constraints. Sequencing of a
gene panel is not as flexible as compared to WES or WGS, as the
panel needs to be redesigned and revalidated whenever changes
are implemented (28). With both gene panel sequencing and
WES, deep-intronic variants are missed, and CNVs or other
structural variants are either not detected or with lower accuracy
(27, 28, 40). In our study, however, we were able to confirm a
homozygous deletion of exons 1-3 in the DCLREIC gene in one of
the additional eight included DBS samples from SCID patients, as
well as heterozygous TBXI deletions in the low-TREC cases re-
ferred from NBS with 22q11.2 deletion syndrome. Although all IEI
patients with CNVs were identified in our cohort, it should be
emphasized that amplicon sequencing is not a highly accurate
method for CNV detection, particularly for smaller heterozygous
CNVs. For those, alternative methods are recommended, such as
a single nucleotide polymorphism array, multiplex ligation-
dependent probe amplification, or gPCR (22, 41).

Besides increasing the PPV by reducing referrals, second-tier
NGS also enables rapid identification of patients with a genetic
variant in genes associated with SCID and other T cell deficiencies
(23). In the Netherlands, when SCID is suspected after referral,
urgent WES with SCID gene panel analysis is often requested,
with results expected within 3 wk. NGS integrated in NBS as a
second-tier test, therefore, has the potential to decrease the time
until a genetic diagnosis, although this will depend on the fre-
quency of sequencing. Moreover, it should be further investigated
whether physicians would consider NGS results from NBS, to-
gether with nongenetic confirmatory tests such as im-
munophenotyping, sufficient to initiate treatment, or whether
diagnostic genetic confirmation would remain required. Ideally,
second-tier testing should be as frequent as possible to mini-
mize the referral time, while remaining cost-effective. The cost-
effectiveness will increase when NGS tests in follow-up tiers for
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other conditions are combined, for example, in NBS for inherited
metabolic disorders, cystic fibrosis, or XL agammaglobulinemia
and other B cell deficiencies (23, 42, 43, 44, 45).

Conducted within a screening laboratory, this study provided
initial insight into the practical feasibility of second-tier NGS,
which is essential for progressing toward integration into the
screening program and highlights key considerations for im-
plementation. Based on logged experiences, the turnaround time
when handling a smaller number of samples in a second-tier
setting was estimated to be 4 days. With our safety net
algorithm, second-tier NGS could replace the second NBS card
that is currently requested in the Dutch screening program for
preterm newborns and newborns with TRECs >2 and <10. In
newborns with initial TRECs >2 and <10, repeat TREC analysis on
a second NBS card has been shown to effectively reduce the re-
ferral rate from 0.03% to, on average, 0.01% (20, 46), but does
increase the referral time until initial clinical evaluation to up to 3
wk after birth, instead of ~1to 2 wk. Second-tier NGS would likely
reduce the referral time by eliminating the need for a second NBS
card, which also reduces the emotional burden on parents. Fur-
ther adaptations to the screening algorithm could be considered,
such as increasing the TREC cutoff for second-tier testing, similar
to the approach applied in Norway, where second-tier NGS is
implemented in the screening program (23). This may allow the
detection of leaky SCID and other T cell deficiencies with TRECs
>10 that would otherwise be missed. Before implementation into
NBS, a prospective evaluation in parallel to the current screening
program will be needed to evaluate real-time feasibility and ro-
bustness, cost-effectiveness, and optimization of the algorithm.

Conclusion

This study demonstrated the potency of second-tier NGS to
improve screening accuracy for SCID and other T cell deficien-
cies with a genetic cause. By directly referring newborns with
profoundly reduced TRECs using a safety net algorithm, a high
sensitivity for detecting SCID could be maintained while sub-
stantially increasing the PPV. No patients with severe immu-
nological phenotypes were missed, suggesting that not detecting
non-severe T cell lymphopenia patients without a genetic diag-
nosis appears clinically acceptable.

Materials and methods

Dutch screening algorithm

TREC quantification is conducted with the SPOT-it TREC &
SMN1 Screening Kit (ImmunoIVD) using B-actin (ACTB) as a
reference gene, with a cutoff of <10 TREC copies/3.2 mm DBS
punch. During the pilot study (April 2018-December 2020), all
newborns with TRECs below the cutoff were referred to a pe-
diatric immunologist. After national implementation in January
2021, the screening algorithm was adjusted to reduce referrals:
newborns with TRECs <2 copies/punch are directly referred,
whereas for newborns with TRECs >2 and <10 copies/punch, a
second NBS card is requested after 7 days. Referral occurs only if
TRECs then remain below the cutoff of <10 copies/punch (in-
direct referral). For preterm newborns with abnormal TRECs, a
second card is also requested after a gestational age of 36 wk. A
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detailed overview of the Dutch screening algorithm was previ-
ously published (20, 24).

Sample collection

We included NBS cards from 68 newborns referred with low
TRECs, comprising 54 newborns from the pilot study and 14
newborns referred after national implementation, for whom
informed consent was obtained. Clinical data from these re-
ferrals were collected at the Dutch academic medical centers and
managed using Castor EDC (v2024.2.1.0). Detailed data have
been previously published (24). Additionally, NBS cards of 100
anonymous healthy newborns with normal TRECs, analyzed
between 2021 and 2023, were included. Before collection, NBS
cards were stored at the National Institute for Public Health and
the Environment at -20°C. The use of stored NBS cards was
approved by the Neonatal Screening Research Workgroup (nr.
2023-05). Additional DBS cards from eight SCID patients stored
at -20°C in the Willem Alexander Children’s Hospital BioBank
were included with different affected genes: three in RAGI, two
in RAG2, one in IL2RG, one in NHE]J1, and one in DCLREIC. These
DBS cards were manufactured in 2013 from peripheral EDTA
blood samples. The study was reviewed and approved by the
Institutional Review Board of the Leiden University Medical
Center (nr. 23-3127 and nr. 23-3060).

Gene panel design

Gene selection was performed based on the 2022 IUIS classifi-
cation for human IEIs (25). Genes were selected when associated
with a phenotype of low TRECs and T cell lymphopenia at birth
(26). The custom AmpliSeq (Illumina) gene panel consisted of
105 genes covered by 3,003 amplicons (Table S7). Primers were
designed to provide amplicons with an average of 261 bp with
25 bp exon padding and a predicted coverage of 99.44%.

NGS workflow

DNA was extracted from one 3.2 mm DBS punch following the
two-step lysis protocol (number five) described by Duintjer et al.
(2025) (47, 48). DNA concentration was measured with the
Qubit™ 1X dsDNA High Sensitivity Assay Kit on the Invitrogen
Qubit'™ Fluorometer (Thermo Fisher Scientific). Libraries were
prepared following the AmpliSeq'™ for Illumina protocol with
two primer pools. A volume of 7.5 pl of undiluted DNA was used
to maximize input. Library quantity and fragment size were
assessed with the D5000 High Sensitivity ScreenTape Assay on
the 4200 TapeStation System (Agilent Technologies). Libraries
were then diluted to a starting concentration of 2 nM, pooled,
and spiked with 5% PhiX Control V3 (Illumina). Sequencing was
performed on the NextSeq2000tm system with the NextSeq™
1000/2000 P2 XLEAP-SBS™ Reagent Kit (300 Cycles; Illumina).
For samples that were repeated, sequencing was performed on
the iSeq 100t™ System (Illumina). BCL files were demultiplexed
and converted to FASTQ files by an in-house pipeline using II-
lumina bcl2fastq2 Conversion Software v2.20.0.422 (Linux
rpm). Secondary data analysis was performed using the Illu-
mina DRAGEN amplicon pipeline (v4.3.6), aligning reads to the
GRCh38 reference genome. For CNV analysis, a Panel of Normals
was created from 92 of the NBS cases with normal TRECs.
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Variant filtering and reporting strategy

Variant prioritization and interpretation were performed using
Emedgene software (Illumina, version 37.5.2). Variants meeting
one of the following filter criteria were prioritized: (1) patho-
genic or likely pathogenic variants reported in ClinVar with an
allele frequency (AF) of <0.5 in the Genome Aggregation Data-
base to reduce submission errors in ClinVar and (2) truncating
and frameshift variants not previously reported as pathogenic or
likely pathogenic in ClinVar with an AF of <0.001 (Fig. 2 A).
Additional variants (3) with an AF of <0.0005 were filtered to
detect VUSs in cases where only one pathogenic or likely path-
ogenic variant was found in a gene with AR inheritance to in-
crease sensitivity. Finally, the Emedgene Al shortlist preset was
assessed to identify additional relevant variants not captured by
the other filters. Prioritized variants were selected for manual
review, except when only a single heterozygous variant was
filtered in an AR gene. A detailed overview of the applied filters
is provided in Table S2.

Variant interpretation was performed following the Ameri-
can College of Medical Genetics and Genomics guidelines (49)
by two independent reviewers, blinded to the original sample
names and NBS outcomes. Assessed variant databases included
ClinVar, the Leiden Open Variation Database, and the Dutch
Society for Laboratory Specialists Clinical Genetics database.
Pathogenic or likely pathogenic variants were reported when
present heterozygous in genes with autosomal dominant (AD)
inheritance, hemizygous and homozygous in genes with XL in-
heritance, and bi-allelic in genes with AR inheritance (Fig. 2 B).
Heterozygous pathogenic or likely pathogenic variants in genes
with AR and XL inheritance were only reported when an addi-
tional VUS was identified. After review, results were integrated
with the NBS outcomes and clinical data to confirm findings.

Online supplemental material

The supplemental material includes the percentage of samples
with sufficient read depth per amplicon (Fig. S1), the reviewed
variants classified as VUS (Table S1), the variant filter settings
applied in Emedgene (Table S2), the reviewed variants classified
as (likely) pathogenic in the positive NBS cases (Table S3), the
additionally included SCID cases (Table S4), the clinical char-
acteristics of low-TREC NBS cases (Table S5), the effect of
second-tier NGS approaches on the PPV for SCID (Table S6), and
the second-tier gene panel (Table S7).

Data availability

All data generated or analyzed during this study that are not
included in the article or online supplemental material are
available from the corresponding author upon reasonable
request.

Acknowledgments

We would like to sincerely thank all patients and parents who
participated in our study and the SONNET study and the other
pediatricians involved in patient inclusion, including Koen van
Aerde, Merlijn van den Berg, Dagmar Berghuis, Martijn van der

Duintjer et al.
Second-tier genetics in TREC-based NBS

Kuip, Elizabeth Legger, Sietse Nagelkerke, Lisa Ott de Bruin, and
Liesbeth Schélvinck. We also wish to thank Mahnaz Jamee for
the valuable input in the design of the gene panel.

This research was funded by Takeda Pharmaceuticals Inter-
national AG as Investigator Initiated Research (grant number:
IISR-2022-200336) and by Illumina, Inc. In addition, this re-
search received funding from the Dutch Ministry of Health,
Welfare and Sport, the National Institute for Public Health and
the Environment (grant number: S/132015), the Jeffrey Modell
Foundation, and the Rare Disease Foundation (Zeldzame Ziekten
Fonds). The funders of this study were not involved in the study
design, data collection, data analysis and interpretation, or
writing of the report.

Author contributions: Annelotte ]. Duintjer: conceptualiza-
tion, data curation, formal analysis, investigation, methodology,
validation, visualization, and writing—original draft. Maartje
Blom: conceptualization, supervision, and writing—review and
editing. Robbert G.M. Bredius: conceptualization, data curation,
validation, and writing—review and editing. Ingrid Pico-Knij-
nenburg: investigation. Adinda Heuperman: investigation.
Hennie Hodemaekers: investigation. Sandra Imholz: conceptu-
alization, investigation, methodology, and writing—review and
editing. Martijn E.T. Dollé: conceptualization, funding acquisi-
tion, resources, and writing—review and editing. Ruben B.
Brandsema: resources and writing—review and editing. Lisette
van de Corput: writing—review and editing. Stefanie S. Henriet:
resources and writing—review and editing. Taco W. Kuijpers:
conceptualization, data curation, formal analysis, resources, and
supervision. Joris M. van Montfrans: conceptualization, meth-
odology, resources, validation, and writing—review and editing.
Clementien L. Vermont: supervision and writing—review and
editing. Gijs T.J. van Well: conceptualization and writing—
review and editing. Evelien Zonneveld-Huijssoon: conceptuali-
zation, methodology, supervision, and writing—review and
editing. Els Voorhoeve: resources, validation, and writing—
review and editing. Mariélle E. van Gijn: conceptualization, su-
pervision, validation, and writing—review and editing. Mirjam
van der Burg: conceptualization, funding acquisition, metho-
dology, project administration, supervision, and writing—
review and editing.

Disclosures: The authors declare no competing interests exist.

Submitted: 26 February 2026
Revised: 21 May 2026
Accepted: 18 June 2026

References

1. Brown, L., . Xu-Bayford, Z. Allwood, M. Slatter, A. Cant, E.G. Davies, P.
Veys, A.R. Gennery, and H.B. Gaspar. 2011. Neonatal diagnosis of severe
combined immunodeficiency leads to significantly improved survival
outcome: The case for newborn screening. Blood. 117:3243-3246. https://
doi.org/10.1182/blood-2010-08-300384

2. Pai, S.Y.,, B.R. Logan, L.M. Griffith, R.H. Buckley, R.E. Parrott, C.C.
Dvorak, N. Kapoor, I.C. Hanson, A.H. Filipovich, S. Jyonouchi, et al. 2014.
Transplantation outcomes for severe combined immunodeficiency,
2000-2009. N. Engl. J. Med. 371:434-446. https://doi.org/10.1056/
NEJMoal401177

Journal of Human Immunity
https://doi.org/10.70962/jhi.20260031

1y [/9508€0Z /T€0092028 /S /z /ypd -8 [0 13Je /1y [/ 1o "ssaudni//:d 13y wo iy papeo jumog

920z AInc 0z uo 3isenb Aq 4pd "TE009202

8 0f 10


https://doi.org/10.1182/blood-2010-08-300384
https://doi.org/10.1182/blood-2010-08-300384
https://doi.org/10.1056/NEJMoa1401177
https://doi.org/10.1056/NEJMoa1401177

w

w

N

[o]

10.

11

jary

12.

13.

14.

15.

16.

17.

18.

19.

. Heimall, ], B.R. Logan, M.J. Cowan, L.D. Notarangelo, L.M. Griffith, J.M. Puck,

D.B. Kohn, MLA. Pulsipher, S. Parikh, C. Martinez, et al. 2017. Inmune re-
constitution and survival of 100 SCID patients post-hematopoietic cell
transplant: A PIDTC natural history study. Blood. 130:2718-2727. https://doi
.org/10.1182/blood-2017-05-781849

Thakar, M.S., B.R. Logan, ].M. Puck, E.A. Dunn, R.H. Buckley, M.J. Cowan,
R.J. O'Reilly, N. Kapoor, L.F. Satter, S.-Y. Pai, et al. 2023. Measuring the
effect of newborn screening on survival after haematopoietic cell trans-
plantation for severe combined immunodeficiency: A 36-year longitudi-
nal study from the primary immune deficiency treatment consortium.
Lancet. 402:129-140. https://doi.org/10.1016/S0140-6736(23)00731-6

. Fischer, A. 2000. Severe combined immunodeficiencies (SCID). Clin. Exp.

Immunol. 122:143-149. https://doi.org/10.1046/j.1365-2249.2000.01359.x

. Poli, M.C., I. Aksentijevich, A.A. Bousfiha, C. Cunningham-Rundles,

S. Hambleton, C. Klein, T. Morio, C. Picard, A. Puel, N. Rezaei, et al.
2025. Human inborn errors of immunity: 2024 update on the classi-
fication from the international union of immunological societies ex-
pert committee. J. Hum. Immun. 1:e20250003. https://doi.org/10
.70962/jhi.20250003

Hazenberg, M.D., M.C. Verschuren, D. Hamann, F. Miedema, and ].J. van
Dongen. 2001. T cell receptor excision circles as markers for recent
thymic emigrants: Basic aspects, technical approach, and guidelines for
interpretation. J. Mol. Med. 79:631-640. https://doi.org/10.1007/
s001090100271

. Chan, K., and J.M. Puck. 2005. Development of population-based new-

born screening for severe combined immunodeficiency. J. Allergy Clin.
Immunol. 115:391-398. https://doi.org/10.1016/j.jaci.2004.10.012

.van der Spek, J., RH.H. Groenwold, M. van der Burg, and ].M. van

Montfrans. 2015. TREC based newborn screening for severe combined
immunodeficiency disease: A systematic review. J. Clin. Immunol. 35:
416-430. https://doi.org/10.1007/510875-015-0152-6

Mauracher, A.A., F. Pagliarulo, L. Faes, S. Vavassori, T. Giingér, L.M.
Bachmann, and J. Pachlopnik Schmid. 2017. Causes of low neonatal T-cell
receptor excision circles: A systematic review. J. Allergy Clin. Immunol.
Pract. 5:1457-1460.e22. https://doi.org/10.1016/j.jaip.2017.02.009
Buchbinder, D., J.E. Walter, M.J. Butte, W.Y. Chan, M. Chitty Lopez, V.R.
Dimitriades, M.J. Dorsey, D.J. Nugent, J.M. Puck, J. Singh, and C.A. Col-
lins. 2021. When screening for severe combined immunodeficiency
(SCID) with T cell receptor excision circles is not SCID: A case-based
review. J. Clin. Immunol. 41:294-302. https://doi.org/10.1007/s10875
-020-00931-2

Kwan, A., R.S. Abraham, R. Currier, A. Brower, K. Andruszewski, J.K.
Abbott, M. Baker, M. Ballow, L.E. Bartoshesky, F.A. Bonilla, et al. 2014.
Newborn screening for severe combined immunodeficiency in 11
screening programs in the United States. JAMA. 312:729-738. https://doi
.org/10.1001/jama.2014.9132

Amatuni, G.S., RJ. Currier, ]J.A. Church, T. Bishop, E. Grimbacher, A.A.
Nguyen, et al. 2019. Newborn screening for severe combined immuno-
deficiency and T-cell lymphopenia in California, 2010-2017. Pediatrics.
143:e20182300. https://doi.org/10.1542/peds.2018-2300

Bosticardo, M., Y. Yamazaki, ]. Cowan, G. Giardino, C. Corsino, G. Scalia,
R. Prencipe, M. Ruffner, D.A. Hill, I. Sakovich, et al. 2019. Heterozygous
FOXN1 variants cause low TRECs and severe T cell lymphopenia, re-
vealing a crucial role of FOXN1 in supporting early thymopoiesis. Am.
J. Hum. Genet. 105:549-561. https://doi.org/10.1016/j.ajhg.2019.07.014
Jyonouchi, S., A.M. Jongco, J. Puck, and K.E. Sullivan. 2017. Im-
munodeficiencies associated with abnormal newborn screening for T cell
and B cell lymphopenia. J. Clin. Immunol. 37:363-374. https://doi.org/10
.1007/510875-017-0388-4

Atkins, A.E., ML.F. Cogley, and M.W. Baker. 2021. Newborn screening for
severe combined immunodeficiency: Do preterm infants require special
consideration? Int. J. Neonatal. Screen. 7:40. https://doi.org/10.3390/
ijns7030040

Blom, M., L. Pico-Knijnenburg, J.M. van Montfrans, R.G.M. Bredius, M.
van der Burg, ].J. Swen, and D. Berghuis. 2022. Abnormal results of
newborn screening for SCID after azathioprine exposure in utero: Ben-
efit of TPMT genotyping in both mother and child. J. Clin. Immunol. 42:
199-202. https://doi.org/lo.1007/510875-02}-01138-9

Blom, M., M. Soomann, P. Soler-Palacin, A. Sediva, A. Stray-Pedersen, R.
Zetterstrom, C. Speckmann, A.R. Gennery, and M. van der Burg. 2025.
Newborn screening for SCID and severe T lymphocytopenia in Europe.
J. Allergy Clin. Immunol. 155:377-386. https://doi.org/10.1016/j.jaci.2024
.10.018

Blom, M., R.H. Zetterstrom, A. Stray-Pedersen, K. Gilmour, A.R. Gen-
nery, J.M. Puck, and M. van der Burg. 2022. Recommendations for

Duintjer et al.
Second-tier genetics in TREC-based NBS

20.

21

—

22.

23.

24.

25.

26.

27.

28.

29.

30.

3

—_

32.

33.

uniform definitions used in newborn screening for severe combined
immunodeficiency. J. Allergy Clin. Immunol. 149:1428-1436. https://doi
.org/10.1016/j.jaci.2021.08.026

Blom, M., R.G.M. Bredius, M.E. Jansen, G. Weijman, E.A. Kemper, C.L.
Vermont, .H.LM. Hollink, W.A. Dik, .M. van Montfrans, M.E. van Gijn,
et al. 2021. Parents’ perspectives and societal acceptance of im-
plementation of newborn screening for SCID in The Netherlands. J. Clin.
Immunol. 41:99-108. https://doi.org/10.1007/s10875-020-00886-4

Blom, M., I. Pico-Knijnenburg, S. Imholz, L. Vissers, J. Schulze, ]. Werner,
R. Bredius, and M. van der Burg. 2021. Second tier testing to reduce the
number of non-actionable secondary findings and false-positive referrals
in newborn screening for severe combined immunodeficiency. J. Clin.
Immunol. 41:1762-1773. https://doi.org/10.1007/s10875-021-01107-2
Al-Mousa, H., G. Al-Dakheel, A. Jabr, F. Elbadaoui, M. Abouelhoda, M.
Baig, D. Monies, B. Meyer, A. Hawwari, and M. Dasouki. 2018. High in-
cidence of severe combined immunodeficiency disease in Saudi Arabia
detected through combined T cell receptor excision circle and next
generation sequencing of newborn dried blood spots. Front. Immunol. 9:
782. https://doi.org/10.3389/fimmu.2018.00782

Strand, J., K.A. Gul, H.C. Erichsen, E. Lundman, M.C. Berge, A.K.
Tromborg, L.K. Sergjerd, M. Ytre-Arne, S. Hogner, R. Halsne, et al. 2020.
Second-tier next generation sequencing integrated in nationwide new-
born screening provides rapid molecular diagnostics of severe combined
immunodeficiency. Front. Immunol. 11:1417. https://doi.org/10.3389/
fimmu.2020.01417

Duintjer, A.J., R.G.M. Bredius, ].M. van den Berg, L. van de Corput, W.A.
Dik, M.E. van Gijn, S.S. Henriet, E.A. Kemper, T.W. Kuijpers, G.E. Legger,
et al. 2026. Managing non-SCID T cell lymphopenia after TREC-based
newborn screening. J. Hum. Immun. 2:e20250205. https://doi.org/10
.70962/jhi.20250205

Tangye, S.G., W. Al-Herz, A. Bousfiha, C. Cunningham-Rundles, J.L.
Franco, S.M. Holland, C. Klein, T. Morio, E. Oksenhendler, C. Picard, et al.
2022. Human inborn errors of immunity: 2022 Update on the classifi-
cation from the international union of immunological societies expert
committee. J. Clin. Immunol. 42:1473-1507. https://doi.org/10.1007/
510875-022-01289-3

Bousfiha, A., A. Moundir, S.G. Tangye, C. Picard, L. Jeddane, W. Al-Herz,
C.C. Rundles, J.L. Franco, S.M. Holland, C. Klein, et al. 2022. The 2022
update of IUIS phenotypical classification for human inborn errors of
immunity. J. Clin. Immunol. 42:1508-1520. https://doi.org/10.1007/
s10875-022-01352-z

Yska, H.A.F., K. Elsink, T.W. Kuijpers, G.W.]. Frederix, M.E. van Gijn, and
J.M. van Montfrans. 2019. Diagnostic yield of next generation sequencing
in genetically undiagnosed patients with primary immunodeficiencies: A
systematic review. J. Clin. Immunol. 39:577-591. https://doi.org/10.1007/
$10875-019-00656-x

Vorsteveld, E.E., A. Hoischen, and C.I. van der Made. 2021. Next-
generation sequencing in the field of primary immunodeficiencies:
Current yield, challenges, and future perspectives. Clin. Rev. Allergy Im-
munol. 61:212-225. https://doi.org/10.1007/s12016-021-08838-5
Albin-Leeds, S.,]. Ochoa, H. Mehta, B.H. Vogel, M. Caggana, V. Bonagura,
H. Lehman, M. Ballow, A. Rubinstein, S. Siegel, et al. 2017. Idiopathic
T cell lymphopenia identified in New York state newborn screening. Clin.
Immunol. 183:36-40. https://doi.org/10.1016/j.clim.2017.07.002

Jongco, A.M. 3rd, R. Sporter, E. Hon, O. Elshaigi, S. Zhang, F. Daian, E.
Bae, A. Innamorato, C. Capo, B. Navetta-Modrov, et al. 2021. Character-
ization of infants with idiopathic transient and persistent T cell lym-
phopenia identified by newborn screening-a single-center experience in
New York state. J. Clin. Immunol. 41:610-620. https://doi.org/10.1007/
$10875-020-00957-6

. Soomann, M., S. Prader, P.K.A. Agyeman, G. Blanchard-Rohner, M.

Buettcher, C.R. Kahlert, N. Ritz, A. Theodoropoulou, J. Pachlopnik
Schmid, and J. Triick. 2025. Natural history of Swiss infants with non-
SCID T-cell lymphopenia detected by newborn screening: A cohort study.
J. Clin. Immunol. 45:166. https://doi.org/10.1007/510875-025-01945-4
Blom, M., M.H.D. Schoenaker, M. Hulst, M.C. de Vries, C.M.R. Weemaes,
M. Willemsen, L. Henneman, and M. van der Burg. 2019. Dilemma of
reporting incidental findings in newborn screening programs for SCID:
Parents’ perspective on ataxia telangiectasia. Front. Immunol. 10:2438.
https://doi.org/10.3389/fimmu.2019.02438

Weitering, T.J., M.A.A.P. Willemsen, A.M.R. Taylor, C.M.R. Weemaes, M.
van der Burg, and D. Berghuis. 2023. Early diagnosis of ataxia telangi-
ectasia through newborn screening for SCID: A case report highlighting
the dilemma of pre-emptive HSCT. J. Clin. Immunol. 43:1770-1773. https://
doi.org/10.1007/510875-023-01571-y

Journal of Human Immunity
https://doi.org/10.70962/jhi.20260031

1y [/9508€0Z /T€0092028 /S /z /ypd -8 [0 13Je /1y [/ 1o "ssaudni//:d 13y wo iy papeo jumog

920z AInc 0z uo 3isenb Aq 4pd "TE009202

90of 10


https://doi.org/10.1182/blood-2017-05-781849
https://doi.org/10.1182/blood-2017-05-781849
https://doi.org/10.1016/S0140-6736(23)00731-6
https://doi.org/10.1046/j.1365-2249.2000.01359.x
https://doi.org/10.70962/jhi.20250003
https://doi.org/10.70962/jhi.20250003
https://doi.org/10.1007/s001090100271
https://doi.org/10.1007/s001090100271
https://doi.org/10.1016/j.jaci.2004.10.012
https://doi.org/10.1007/s10875-015-0152-6
https://doi.org/10.1016/j.jaip.2017.02.009
https://doi.org/10.1007/s10875-020-00931-2
https://doi.org/10.1007/s10875-020-00931-2
https://doi.org/10.1001/jama.2014.9132
https://doi.org/10.1001/jama.2014.9132
https://doi.org/10.1542/peds.2018-2300
https://doi.org/10.1016/j.ajhg.2019.07.014
https://doi.org/10.1007/s10875-017-0388-4
https://doi.org/10.1007/s10875-017-0388-4
https://doi.org/10.3390/ijns7030040
https://doi.org/10.3390/ijns7030040
https://doi.org/10.1007/s10875-021-01138-9
https://doi.org/10.1016/j.jaci.2024.10.018
https://doi.org/10.1016/j.jaci.2024.10.018
https://doi.org/10.1016/j.jaci.2021.08.026
https://doi.org/10.1016/j.jaci.2021.08.026
https://doi.org/10.1007/s10875-020-00886-4
https://doi.org/10.1007/s10875-021-01107-2
https://doi.org/10.3389/fimmu.2018.00782
https://doi.org/10.3389/fimmu.2020.01417
https://doi.org/10.3389/fimmu.2020.01417
https://doi.org/10.70962/jhi.20250205
https://doi.org/10.70962/jhi.20250205
https://doi.org/10.1007/s10875-022-01289-3
https://doi.org/10.1007/s10875-022-01289-3
https://doi.org/10.1007/s10875-022-01352-z
https://doi.org/10.1007/s10875-022-01352-z
https://doi.org/10.1007/s10875-019-00656-x
https://doi.org/10.1007/s10875-019-00656-x
https://doi.org/10.1007/s12016-021-08838-5
https://doi.org/10.1016/j.clim.2017.07.002
https://doi.org/10.1007/s10875-020-00957-6
https://doi.org/10.1007/s10875-020-00957-6
https://doi.org/10.1007/s10875-025-01945-4
https://doi.org/10.3389/fimmu.2019.02438
https://doi.org/10.1007/s10875-023-01571-y
https://doi.org/10.1007/s10875-023-01571-y

34.

35.

36.

37.

38.

39.

40.

4

—_

42.

Takada, S., T.J. Weitering, N.J.H. van Os, L. Du, I. Pico-Knijnen-
burg, T.B. Kuipers, H. Mei, E. Salzer, M.A.A.P. Willemsen, C.M.R.
Weemaes, et al. 2024. Causative mechanisms and clinical impact of
immunoglobulin deficiencies in ataxia telangiectasia. J. Allergy
Clin. Immunol. 153:1392-1405. https://doi.org/10.1016/j.jaci.2023
.12.029

Draaiboek Hielprikscreening. 2026. Informed consent. Available online:
https://draaiboekhielprikscreening.rivm.nl/uitvoering-hielprik/informed-
consent (accessed May 5, 2026).

Howard, H.C., B.M. Knoppers, M.C. Cornel, E. Wright Clayton, K. Sen-
ecal, P. Borry, European Society of Human Genetics, P3G International
Paediatric Platform, Human Genome Organisation, and PHG Foundation.
2015. Whole-genome sequencing in newborn screening? A statement on
the continued importance of targeted approaches in newborn screening
programmes. Eur. J. Hum. Genet. 23:1593-1600. https://doi.org/10.1038/
ejhg.2014.289

Green, R.C., ].S. Berg, W.W. Grody, S.S. Kalia, B.R. Korf, C.L. Martin, A.L.
McGuire, R.L. Nussbaum, .M. O’Daniel, K.E. Ormond, et al. 2013. ACMG
recommendations for reporting of incidental findings in clinical exome
and genome sequencing. Genet. Med. 15:565-574. https://doi.org/10
.1038/gim.2013.73

Bhattacharjee, A., T. Sokolsky, S.K. Wyman, M.G. Reese, E. Puffenberger,
K. Strauss, H. Morton, R.B. Parad, and E.W. Naylor. 2015. Development of
DNA confirmatory and high-risk diagnostic testing for newborns using
targeted next-generation DNA sequencing. Genet. Med. 17:337-347.
https://doi.org/10.1038/gim.2014.117

Smits, S.G., A.J. Duintjer, H.A. van Duyvenvoorde, W. Rodenburg, M. van
der Burg, L. Henneman, and M. Blom. 2026. Key outcomes from a
stakeholder workshop on genomic newborn screening: recommended
next steps for the integration of genomics into public health programs.
Public Health Genomics. 27:1-24. https://doi.org/10.1159/000553190
Belkadi, A., A. Bolze, Y. Itan, A. Cobat, Q.B. Vincent, A. Antipenko, L.
Shang, B. Boisson, J.-L. Casanova, and L. Abel. 2015. Whole-genome se-
quencing is more powerful than whole-exome sequencing for detecting
exome variants. Proc. Natl. Acad. Sci. USA. 112:5473-5478. https://doi.org/
10.1073/pnas.1418631112

. van Oers, N.S.C., and K.E. Sullivan. 2025. The systemic effects of 22q11.2

deletion syndrome on immunity. J. Hum. Immun. 2:20250190. https://
doi.org/10.70962/jhi.20250190

Currier, R.J., S. Sciortino, R. Liu, T. Bishop, R. Alikhani Koupaei, and L.
Feuchtbaum. 2017. Genomic sequencing in cystic fibrosis newborn
screening: What works best, two-tier predefined CFTR mutation panels

Duintjer et al.
Second-tier genetics in TREC-based NBS

43.

44.

45.

46.

47.

48.

49.

50.

5

—

or second-tier CFTR panel followed by third-tier sequencing? Genet. Med.
19:1159-1163. https://doi.org/10.1038/gim.2017.32

Peng, G., P. Shen, N. Gandotra, A. Le, E. Fung, L. Jelliffe-Pawlowski, R.W.
Davis, G.M. Enns, H. Zhao, T.M. Cowan, and C. Scharfe. 2019. Combining
newborn metabolic and DNA analysis for second-tier testing of meth-
ylmalonic acidemia. Genet. Med. 21:896-903. https://doi.org/10.1038/
$41436-018-0272-5

Chan, T.C.H., C.M. Mak, M.C.W. Yeung, E.C.-Y. Law, J. Cheung, T.K.
Wong, V.W.-S. Cheng, J. K.H. Lee, C.W. Fung, et al. 2024. Harnessing
next-generation sequencing as a timely and accurate second-tier
screening test for newborn screening of inborn errors of metabolism.
Int. J. Neonatal. Screen. 10:19. https://doi.org/10.3390/ijns10010019
Blom, M., AJ. Duintjer, I. Pico-Knijnenburg, S. Imholz, S. Balkassmi, H.A.
van Duyvenvoorde, and M. van der Burg. 2025. Next-generation se-
quencing and other second tier tests in newborn screening for (X-linked)
agammaglobulinemia. J. Clin. Immunol. 45:154. https://doi.org/10.1007/
510875-025-01927-6

van der Ploeg, K., O. van der Mast, and P. Verkerk. 2024. De Neonatale
Hielprikscreening - Monitor 2024. TNO and Rijksinstituut voor Volks-
gezondheid en Milieu (RIVM). Report number: TNO 2025 R11250.
Hendrix, M.M., C.D. Cuthbert, and S.K. Cordovado. 2020. Assessing the
performance of dried-blood-spot DNA extraction methods in next gen-
eration sequencing. Int. J. Neonatal. Screen. 6:36. https://doi.org/10.3390/
ijns6020036

Duintjer, A.J., S. Imholz, I. Pico-Knijnenburg, A. Heuperman, H. Hode-
maekers, E.S. Deutekom, E. Voorhoeve, M.E.T. Dollé, and M. van der
Burg. 2025. Comparing DNA isolation and preparation protocols for
dried blood spots in the context of genomic newborn screening. Int.
J. Neonatal. Screen. 11:75. https://doi.org/10.3390/ijns11030075

Richards, S., N. Aziz, S. Bale, D. Bick, S. Das, J. Gastier-Foster, W.W.
Grody, M. Hegde, E. Lyon, E. Spector, et al. 2015. Standards and guide-
lines for the interpretation of sequence variants: A joint consensus rec-
ommendation of the American College of Medical genetics and genomics
and the association for molecular pathology. Genet. Med. 17:405-424.
https://doi.org/10.1038/gim.2015.30

Eilbeck, K., S.E. Lewis, C.J. Mungall, M. Yandell, L. Stein, R. Durbin, and
M. Ashburner. 2005. The sequence ontology: A tool for the unification of
genome annotations. Genome Biol. 6:R44. https://doi.org/10.1186/gh
-2005-6-5-r44

. McLaren, W., L. Gil, S.E. Hunt, H.S. Riat, G.R. Ritchie, A. Thormann, P.

Flicek, and F. Cunningham. 2016. The ensembl variant effect predictor.
Genome Biol. 17:122. https://doi.org/10.1186/513059-016-0974-4

Journal of Human Immunity
https://doi.org/10.70962/jhi.20260031

1y [/9508€0Z /T€0092028 /S /z /ypd -8 [0 13Je /1y [/ 1o "ssaudni//:d 13y wo iy papeo jumog

920z AInc 0z uo 3isenb Aq 4pd "TE009202

10 of 10


https://doi.org/10.1016/j.jaci.2023.12.029
https://doi.org/10.1016/j.jaci.2023.12.029
https://draaiboekhielprikscreening.rivm.nl/uitvoering-hielprik/informed-consent
https://draaiboekhielprikscreening.rivm.nl/uitvoering-hielprik/informed-consent
https://doi.org/10.1038/ejhg.2014.289
https://doi.org/10.1038/ejhg.2014.289
https://doi.org/10.1038/gim.2013.73
https://doi.org/10.1038/gim.2013.73
https://doi.org/10.1038/gim.2014.117
https://doi.org/10.1159/000553190
https://doi.org/10.1073/pnas.1418631112
https://doi.org/10.1073/pnas.1418631112
https://doi.org/10.70962/jhi.20250190
https://doi.org/10.70962/jhi.20250190
https://doi.org/10.1038/gim.2017.32
https://doi.org/10.1038/s41436-018-0272-5
https://doi.org/10.1038/s41436-018-0272-5
https://doi.org/10.3390/ijns10010019
https://doi.org/10.1007/s10875-025-01927-6
https://doi.org/10.1007/s10875-025-01927-6
https://doi.org/10.3390/ijns6020036
https://doi.org/10.3390/ijns6020036
https://doi.org/10.3390/ijns11030075
https://doi.org/10.1038/gim.2015.30
https://doi.org/10.1186/gb-2005-6-5-r44
https://doi.org/10.1186/gb-2005-6-5-r44
https://doi.org/10.1186/s13059-016-0974-4

g

JHI

Supplemental material

ERCHN

Figure S1. Percentage of samples with sufficient read depth per amplicon. For each gene (y-axis) and amplicon (x-axis), the percentage of samples (n total
=170) with a read depth of 220x is shown. Only values below 100% are displayed; grey cells indicate amplicons for which 100% of samples achieved >20x read
depth. For genes with >53 amplicons, results are summarized with amplicons not displayed being 100%.

Provided online are Table S1, Table S2, Table S3, Table S4, Table S5, Table S6, and Table S7. Table S1 shows reviewed variants
classified as VUS. Table S2 shows variant filter settings applied in Emedgene. Table S3 shows reviewed variants classified as (likely)
pathogenic in the positive NBS cases. Table S4 shows additionally included SCID cases. Table S5 shows clinical characteristics of
low-TREC NBS cases (n = 68). Table S6 shows effect of second-tier NGS approaches on the PPV for SCID. Table S7 shows second-tier
gene panel (n total = 105).
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