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Background. Primary immunodeficiency (PID) compromises the immune system, 
leaving newborns highly vulnerable to infections. Severe combined immunodeficiency 
(SCID) is the most severe form, characterized by the absence or dysfunction of T and 
B cells. Without early treatment, most infants with SCID do not survive their first year. 
In Ukraine, after a successful pilot project, newborn screening for SCID and other types 
of PID is now part of Advanced Neonatal Screening, using T-cell receptor excision cir-
cles (TREC) and kappa-deleting recombination excision circles (KREC) measurements. 
Since the pilot project used a different method than the current screening program, the 
purpose of this study was to compare these two methods, evaluating their benefits and 
downsides, aiming to optimize screening for early, effective treatment.

Materials and Methods. In the pilot project method (Method 1), TREC and KREC 
quantification was performed using a custom real-time PCR assay with melting curve 
analysis. Method 1 included standards with known TREC and KREC copy numbers, no-
template controls (NTCs), and positive controls to ensure reliable results. The method 
currently employed in the Advanced Neonatal Screening (Method 2) uses the Biocore® 
SMA/TKID PLUS Diagnostic Kit, a commercial kit, for TREC, KREC and SMN1 quantifica-
tion via real-time PCR. Measurements for both methods are reported per one million cells.
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Results and Discussion. While there are differences in the general parameters 
of DNA extraction, PCR, and result analysis and interpretation, both Method 1 and 
Method 2 showed a significant difference in Cq values. Despite these differences, both 
methods demonstrated the capability of inentifying abnormal TREC/KREC values, ena-
bling the detection of SCID and some PID cases.

Conclusion. The pilot project demonstrated the effectiveness of TREC/KREC 
quantification for SCID screening and led to its implementation in Advanced Neonatal 
Screening in Ukraine. Over 121,000 newborns were tested, confirming six positive 
cases. Method 1 provides higher precision and versatility, while Method 2 is faster, 
simpler, and capable of automation but lacks precise quantification. Adding standards 
to Method 2 could enhance its utility for widespread SCID screening.

Keywords:	 PCR, Severe combined immunodeficiency (SCID), T-cell receptor 
excision circles (TRECs), kappa-deleting recombinant excision 
circles (KRECs), inborn errors of immunity, gene, DNA, genetics

INTRODUCTION
Primary immunodeficiency (PID) including severe combined immunodeficiency 

(SCID) are life-threatening conditions in which infants lack functional immune cells, 
leaving them highly susceptible to infections. Without early intervention, PID signifi-
cantly increases infection risks, while SCID is typically fatal (Gizewska et al., 2020; 
Aranda et al., 2020; Argudo-Ramírez et al., 2019). However, newborn screening using 
T-cell receptor excision circles (TRECs) and kappa-deleting recombination excision cir-
cles (KRECs) enables the early detection of T- and B-cell lymphopenia. This allows for 
timely, life-saving treatments such as stem cell transplants, intravenous immunoglobulin 
(IVIg) therapy, or gene therapy (Kumarasamy et al., 2024; Aranda et al., 2020).

Newborn screening programs for SCID and certain types of PID are implemented 
in various countries using diverse methodologies. These programs differ in their choice 
of DNA extraction kits for dried blood spots (DBS) and real-time PCR assays. Some 
assays quantify only TREC copy numbers (Verbsky et al., 2011; Argudo-Ramírez et al., 
2019; Chien et al., 2015; Al Ghamdi et al., 2024), while others include both TREC 
and KREC measurements, enabling broader screening for T- and B-cell deficiencies 
(Göngrich et al., 2021; Barbaro et al., 2017; Gizewska et al., 2020; de Felipe et. al., 
2016). Additionally, normalization methods differ significantly: some report TREC or 
TREC+KREC copies per microliter of blood (Gizewska et al., 2020; Argudo-Ramírez 
et al., 2019; Chien et al., 2015), others per one million cells (Göngrich et al., 2021), 
and some base measurements on copies per punch from the DBS sample. In the latter 
approach, β-actin quantification is used to assess the efficiency of DNA extraction from 
DBS samples (Barbaro et al., 2017; de Felipe et. al., 2016).

Using DBS punches without proper normalization introduces inaccuracies due to 
variability in blood spot composition, such as differences in lymphocyte-to-red blood cell 
ratios and plasma distribution. The lack of consistency in cell counts across punches 
can lead to significant over- or underestimation of TREC and KREC levels. This, in 
turn, increases the risk of misdiagnosis, potentially impacting the timely identification 
and treatment of affected newborns. For reliable results, normalization to cell counts or  
a control gene like β-actin is essential to ensure the efficacy of DNA extraction and the 
accuracy of TREC/KREC quantification. (Kwok et al., 2020; Baillargeon & Mace, 2023)
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Both the pilot project previously conducted in Ukraine (Boyarchuk et al., 2022) 
and the current method used in Advanced Neonatal Screening (Ministry of Health of 
Ukraine, 2021) employ real-time PCR to measure TREC and KREC copy numbers per 
one million cells in newborns. However, these methods differ in their DNA extraction 
protocols, real-time PCR assays, and normalization approaches. This study aims to 
compare the two methods, validate their performance, and recommend improvements 
to enhance the accuracy and effectiveness of newborn screening.

MATERIALS AND METHODS
Method 1. DNA isolation and purification from dried blood spots (DBS) on filter 

paper were performed using the DNA-SorbB nucleic acid isolation kit (AmplySens). The 
DNA samples were dissolved in 75 μL of TE buffer, and their concentration and optical 
characteristics were measured using the DENOVIX instrument.

TREC and KREC quantities were analyzed by RT-PCR. The primer sequences used 
for TREC amplification were (F: 5′-CCATGCTGACACCTCTGGT-3′, R: 5′-TCGTGAGA-
ACGGTGAATGAAG-3′), for KREC (F: 5′-TCAGCGCCCATTACGTTTCT-3′, R: 5′-GTGA
GGGACACGCAGCC-3′), and for the albumin gene as an internal control (F: 5′-TGAACA-
GGCGACCATGCTT-3′, R: 5′-CTCTCCTTCTCAGAAAGTGTGCATAT-3′) according to 
O. Boyarchuk et al. (2017) following protocol. RT-PCR reactions were set up for each 
primer pair and included 6 µL of ddH2O, 1.5 µL of 5xHOT FIREPol EvaGreen Mix Plus 
(Solis BioDyne, Estonia), 0.3 µL of each primer, and 2 µL of DNA sample (10–25 ng/µL).

Plasmids with known Albumin, TREC and KREC copy numbers were used as 
standards, while deionized water served as a no-template control. A patient DNA  
sample with newborn screening (NBS) showing low TREC and KREC levels was used 
as a positive control. Real-time PCR was performed with the following settings: polyme
rase activation (50 °C, 2 min), initial denaturation (95 °C, 10 min) followed by 50 cycles 
of denaturation (95 °C, 15 sec), annealing and extension (60 °C, 60 sec). To enhance 
specificity, an additional analysis of PCR products was performed using melting curve 
analysis from 50 °C to 90 °C, in 0.5 °C increments. The RT-PCR was run on the CFX96 
Touch Real-Time PCR Detection System (Bio-Rad, USA). The calculation of TREC/
KREC per 1 million blood cells was performed using the formula: TREC/KREC copies = 
(TREC/KREC Cq×1000000) / (Albumin Cq/2). This ensures accurate normalization rel-
ative to albumin levels (Boyarchuk et al., 2022).

Method 2 (Sample Processing and Real-Time PCR). DNA was isolated and puri-
fied from dried blood spots (DBS) on filter paper using the Biocore® Nucleo-M Plus 
(100 extraction) kit. TREC, KREC, and SMN1 quantifications were conducted using the 
BIOCORE® SMA/TKID assay on a QuantStudio Real-Time PCR (qPCR) system. This 
workflow enables the detection of TREC, KREC, SMN1 and the internal control gene 
RNase P in a single reaction tube. Primer sequences are proprietary to the commercial 
assay and are therefore unavailable. 

Statistical analysis. All statistical analyses were conducted using Microsoft Excel, 
including the “Data Analysis” Toolpak.

•	Averages: All average values were calculated using the Excel formula = 
AVERAGE. 

•	Standard errors, standard deviations, and sample variances: these were 
determined using the “Descriptive Statistics” feature from the “Data Analysis” 
Toolpak. 
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•	Comparison of Cq values: to assess significant differences in Cq values for 
Albumin, TREC, and KREC between the two methods, we performed a t-test: 
paired two sample for means (available in the “Data Analysis” Toolpak). The 
t-test was chosen because the data followed a normal distribution. 

•	Normalization and additional comparisons: for further comparison of TREC 
and KREC values between methods, we normalized the values relative to 
Albumin. Two normalization approaches were used:
1.	 Division normalization: Normalized Value = TREC or KREC/Albumin.
2.	 Subtraction normalization: Normalized Value = TREC or KREC−Albumin  

These normalized values were also compared using the t-test: paired two 
sample for means.

RESULTS AND DISCUSSION
Conducted between May 2020 and January 2022, the pilot project covered 

21 months and included DBS samples from 15 maternity hospitals in Ternopil region, 
with additional samples from neonatal intensive care units in neighboring Ivano-
Frankivsk and Lviv regions. Of the 10,350 newborns screened, three had abnormal 
TREC or KREC levels:

•	Case 1: Zero TREC copies, later confirmed as combined immunodeficiency (CID) 
with low T-cell numbers.

•	Case 2: Decreased TREC levels due to prematurity (GA: 33 weeks, BW: 2,300 g), 
resulting in transient lymphopenia.

•	Case 3: Reduced KREC levels associated with maternal complications (threate­
ned abortion).

The pilot study employed the same method as described in Boyarchuk et al. (2022), 
incorporating melting curve analysis to enhance specificity. Given the low copy number 
of TREC and KREC relative to nuclear DNA, this additional step improved the reliability 
of the results. The TREC and KREC copy numbers per one million white blood cells 
were measured using standards with known Albumin, TREC and KREC quantities. The 
study established a diagnostic threshold of 2,000 copies for TREC and KREC. Once the 
method was fully adapted and the final cutoff values were established, the retest rate 
was 4.1 %, and the proportion of abnormal results was 0.5 % (Boyarchuk et al., 2022).

Following the successful pilot, TREC/KREC measurement was incorporated into 
Advanced Neonatal Screening in Ukraine in October 2022. Over two years (October 
2022–October 2024), 121,014 newborns from 12 regions of Western Ukraine, were 
screened. In 2024, the retest rate was 0.15 %, which is 27 times lower than that of the 
pilot project. Among the retested patients, four cases (0.008 %) with abnormal TREC or 
KREC values were confirmed:

•	Two had decreased TREC levels.
•	One had decreased KREC levels.
•	One exhibited low levels of both TREC and KREC.
The screening employs a test system manufactured by Biocore Technologies LTD, 

Ukraine. This system simultaneously amplifies TREC, KREC, SMN1, and RNase P 
regions as an internal control. Since the method does not include standards for precise 
quantification of TREC/KREC copy numbers, the cutoff was determined based on Cq 
(quantification cycle) values, which ranged between 16 and 36 cycles.
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We initiated a comparison between the two methods – Method 1 from the pilot 
project and Method 2 from Advanced Neonatal Screening – focusing on their general 
parameters in DNA extraction and PCR analysis (Table 1).

Table 1.	Description of general parameters for methods of TREC KREC measurement: DNA 
extraction and PCR analysis

Testing 
stages Criteria Method 1 Method 2

DNA 
extraction

Duration of sample 
preparation, min 60 25

DNA extraction duration, min 33 20

Automation capability 
(Yes/No) No Yes

Average DNA yield, ng/DBS 50 ng 70 ng

PCR

PCR duration, min 140 33

Analytical sensitivity 
(limit of detection (LOD)) 100 copies 10 copies

Internal control gene Albumin RNAse P

Target genes/sequences TREC, KREC TREC, KREC, SMN1

Melting Yes No

PCR platform versatility
Versatile 

(Biorad, Qiegen, 
Applied Biosystems)

Quant studio

PCR reaction volume, µL 10 10

Number of tubes and 
reactions per sample, N 3 1

DNA input volume, µL 2 5

DNA input amount, ng 20 100

Detection channels
FAM 

(Albumin, TREC, 
KREC)

FAM (SMN1), 
JUN (TREC), ABY (KREC), 

VIC (RNase P)

Analysis Analysis of results

Based on melting 
curve and absolute 
number of TREC/

KREC copy number 
per 1 million WBS 

Based on Ct value

Data presented in Table 1 indicate that Method 2 is faster and allows for automa-
tion, making it efficient for high-throughput settings. Additionally, the program includes 
an extra target sequence, SMN1, which expands its screening capability. However, the 
PCR component lacks versatility, as the kit is compatible only with specific real-time PCR 
thermocyclers, limiting its flexibility across different platforms. The PCR method used 
in the pilot project incorporates an additional analysis of melting products, enhancing 
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specificity. The use of an intercalator allows analysis of melting curves, which ensures 
reliable verification of low copies of TREC, KREC. Analysis of melting curves, as one 
of the stages of this method, is our own development, which allows us to maximize the 
accuracy and specificity of detection of low copies of target molecules.

Table 2 compares TREC and KREC quantification levels obtained by real-time PCR 
in two methods, highlighting differences in quantification cycle (Cq) values and the use 
of copy number standards. In Method 1 (pilot project), a larger ∆Cq (difference in Cq) is 
observed between the control gene and TREC, with overall higher Cq values for the con-
trol gene, TREC, and KREC than in Method 2 (Advanced Neonatal Screening). Notably, 
Method 2 lacks copy number standards for the control gene, leading to TREC and KREC 
measurements with levels exceeding expected ranges (e.g., 1.00E+08 for TREC and 
1.00E+07 for KREC per 1 million cells). These results are inconsistent with anticipated 
values, as TREC and KREC levels should be below 1.00E+06 per 1 million cells.

Table 2.	Comparison of TREC and KREC quantification via real-time PCR in the 
pilot project (Method 1) and Advanced Neonatal Screening (Method 2)

Clinical testing overview Pilot project 
method

Advanced Neonatal 
Screening

General number of patient 10,350 121,014

Number of positive patients 1 6

Avarage Cq of control gene 25.80 23.50

Average Cq of TREC into negative sample 32.80 28.50

Average Cq of KREC into negative sample 32.72 32.50

Average ∆Cq of TREC-Control Gene into 
negative sample 7.00 5.00

Average ∆Cq of KREC-Control Gene into 
negative sample 6.92 6.50

Average copy number of TREC per  
1 million cells into negative sample 6.24Е+04 1.00Е+08*

Average copy number of KREC per  
1 million cells into negative sample 9.22Е+04 1.00Е+07*

Cut-off, copy number for TREC 2000 100.00

Cut-off, copy number for KREC 2000 100.00

Testing year 05.2020–01.2023 10.2022–10.2024

Age of patients 1–30 days 1–30 days

Geographic region Ternopil region

7 regions of west of Ukraine
(Lviv, Ternopil, Ivano-

Frankivsk, Khmelnytskyi, 
Zakarpattia, Chernivtsi,  

Volyn regions)

Note:	 * Abnormally high value – exceeds expected biological range (>10⁶ molecules per 1 million cells), 
possibly due to technical artifacts or measurement errors
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Since Method 2, unlike Method 1, does not include standards (plasmids containing 
control genes, TREC, and KREC) to determine precise copy numbers, it is not possible 
to determine TREC/KREC copy numbers per 1 million cells or µL of blood. As a result, 
a direct comparison of TREC/KREC copy numbers between Method 1 and Method 2 
is not feasible. Therefore, further analysis focused on the comparison of Cq values. 
Negative sample Cq values were compared using a t-test (Table 3), revealing a sig-
nificant difference between the two methods. Additionally, normalization was performed 
using a control gene (calculated as either TREC/KREC Cq minus control gene Cq, or 
TREC/KREC Cq divided by control gene Cq). Comparative t-tests of these optimized 
values also demonstrated significant differences between the methods.

It is worth mentioning that Method 1 uses the EvaGreen intercalator, which is  
a bright dye, and Cq as a quantification of the amplification efficiency, which may be 
slightly underestimated, due to the specificity of this dye, compared to the results 
obtained in Method 2 using TaqMan PCR with four different dyes: FAM (SMN1), 
JUN (TREC), ABY (KREC), VIC (RNase P)

Table 3.	Comparison of Cq values for TREC, KREC, and control genes in negative samples 
using two methods

Method  
comparison metrics Albumin TREC KREC

Method1_Average ± 
Standard Deviation 24.3993±0.619498 31.81333±0.683475 30.538±0.5266226

Method2_Average ± 
Standard Deviation 23.6732667±0.296558 29.4768667±0.756909 31.7560667±1.080274

t Stat* 4.056813306 13.2777797 -5.478194067

P(T<=t) two-tail** 0.00117745 2.52593E-09 8.13434E-05

t critical two-tail*** 2.144786688 2.144786688 2.144786688

Notes:	 * – test statistic, measures the size of the difference between the paired means in relation to the 
variability of the data; ** – two-tailed p-value, the probability of observing a t-statistic as extreme as  
(or more extreme than) the one calculated, assuming the null hypothesis is true; *** – the cutoff value 
of the t-statistic for a two-tailed test at a given significance level (0.05)

In Method 1, the PCR Cq values for Albumin and TREC are higher, while the Cq 
for KREC is unexpectedly lower. This discrepancy is unusual since all values should 
typically shift in the same direction (either higher or lower) under consistent conditions. 
Therefore, there is a possibility that one of the two methods may be inaccurate in quan-
tifying the copy number of TREC or KREC.

Since the primary goal of the screening program is to identify patients with abnor-
mal TREC and KREC values for the diagnosis of severe combined immunodeficiencies, 
we evaluated whether both methods effectively detect such cases. Our comparison 
demonstrated that both methods successfully identified positive cases with low TREC 
or low KREC values (Table 4). 
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Table 4. Performance of two methods in positive sample identification

Number of samples Method 1 
(TREC/KREC assessment)

Method 2 
(TREC/KREC assessment)

SAVR Normal TREC, Low KREC Normal TREC, Low KREC

SHAF Low TREC, Normal KREC Low TREC, Normal KREC

SYNY Low TREC, Normal KREC Low TREC, Normal KREC

BUDR Low TREC, Low KREC Low TREC, 0 KREC

The results demonstrate that both methods reliably identify abnormal TREC or 
KREC values, confirming their effectiveness for detecting such conditions.

CONCLUSION
After the successful pilot project involving 10,350 newborns and 65 patients from 

a control group with confirmed inborn errors of immunity, TREC/KREC quantification 
was incorporated into Advanced Neonatal Screening for SCID in Ukraine. During the 
program, 121,014 newborns were tested, and six positive cases were confirmed.

Advantages of Method 1 include the use of standards, enabling precise quanti-
fication of TREC/KREC copy numbers per 1 million white blood cells, melting curve 
analysis to distinguish target PCR products from nonspecific ones, and compatibility 
with multiple PCR platforms.

Method 2, on the other hand, lacks standards for accurate copy number quantifica-
tion and is compatible with only one PCR platform. However, it is faster, simpler, and 
automatable, and includes additional screening for SMA (via SMN1 gene analysis).

Nevertheless, the methods for TREC/KREC quantification used in the pilot project 
and Advanced Neonatal Screening differ significantly; both methods are specific for the 
main purpose of NBS – the identification of cases of newborns with lymphopenia.

To enhance Method 2 for SCID and other PID screening Advanced Neonatal 
Screening, incorporating standards with known plasmid copy numbers for RNase P, 
TREC, and KREC sequences could make it a comprehensive and highly effective 
approach. Our study could not identify the sensitivity of both methods as no clinical con-
firmation of pseudo negative NBS results was detected. Further evaluation of the results 
of NBS and monitoring of Primary immunodeficiency (PID) case reports is necessary.
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Вступ. Первинні імунодефіцити (ПІД) пов’язані з порушенням функції імунної 
системи, через що новонароджені є вразливими до інфекцій. Тяжкий комбінований 
імунодефіцит (ТКІД) є найтяжчою формою, що характеризується відсутністю або 
дисфункцією Т- та В-клітин. Без раннього лікування більшість немовлят із ТКІД 
не переживають першого року життя. В Україні після успішного пілотного проєкту 
скринінг новонароджених на ТКІД і деяких ПІД став частиною програми неона-
тального скринінгу, з використанням вимірювання TREC (T-клітинні рецепторні 
ексцизійні кільця) та KREC (каппа-делетуючі ексцизійні кільця). Оскільки під час 
пілотного проєкту використовували інший метод, ніж у поточній програмі скринінгу, 
наше завдання полягає в порівнянні цих двох методів, оцінці їхніх переваг і недо-
ліків з метою оптимізації скринінгу для раннього й ефективного лікування.

Матеріали та методи. У методиці пілотного проєкту (Метод 1) кількісне визна-
чення TREC і KREC проводили за допомогою кастомізованого аналізу методом 
ПЛР у реальному часі з аналізом кривої плавлення. Метод 1 включав стандарти  
з відомою кількістю копій TREC і KREC, контрольно-негативні зразки (NTC) та 
позитивні контролі для забезпечення надійних результатів. У методиці, яку тепер 
використовують у програмі неонатального скринінгу (Метод 2), застосовується 
комерційний набір Biocore® SMA/TKID PLUS Diagnostic Kit для кількісного визна-
чення TREC, KREC та SMN1 методом ПЛР у реальному часі. Результати вимірю-
вань обох методів подаються у перерахунку на один мільйон клітин.

Результати. Загальні параметри екстракції ДНК, ПЛР, а також аналізу й інтер-
претації результатів різняться між методами; показано істотну різницю у значен-
нях Cq. Незважаючи на ці відмінності, обидва методи продемонстрували здатність 
виявляти аномальні значення TREC/KREC, що дає змогу ідентифікувати ТКІД  
і деякі випадки ПІД.

Висновки. Пілотний проєкт довів ефективність кількісного визначення TREC/
KREC для скринінгу ТКІД, що привело до його впровадження в національну про-
граму скринінгу новонароджених в Україні. Було протестовано понад 121 000 ново-
народжених, з яких підтверджено шість позитивних випадків. Метод 1 забезпечує 
точність кількості копій та універсальність, тоді як Метод 2 є швидшим, простішим 
і може бути автоматизованим, але не забезпечує точної оцінки кількості копій. 
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Додавання стандартів внутрішнього контролю до Методу 2 може підвищити його 
показовість для широкого скринінгу SCID.

Ключові слова:	 ПЛР, тяжкий комбінований імунодефіцит (ТКІД), T-клітинні 
рецепторні ексцизійні кільця (TRECs), каппа-делетуючі 
ексцизійні кільця (KRECs), вроджені помилки імунітету, ген, 
ДНК, генетика
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