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Abstract

Relevance. Children with congenital heart disease (CHD) are at high risk of infectious complications with unfavorable outcomes,
which is associated with inadequate immune responses. TREC and KREC are recognized biomarkers of T- and B-cell lymphopoiesis.
Objective of the study: to evaluate the number of circular DNA segments — TREC and KREC in children with congenital heart de-
fects.

Materials and methods. The study used data from neonatal screening for primary immunodeficiencies in the Stavropol region from Jan-
uary 1, 2023, to June 30, 2024. An analysis of TREC and KREC was conducted in 43 newborns with CHD compared to healthy infants.
Results. The levels of TREC and KREC in children with CHD were lower than in healthy children. A correlation was established
between TREC levels and absolute lymphopenia, as well as the development of infectious complications. A decrease in KREC was
identified in infants with CHD and genetic syndromes. It was shown that a TREC level of less than 650 copies per 10° cells may be a
predictor of the development of infectious complications in newborns with CHD.

Conclusions. The reduction in the number of TREC and KREC copies in neonatal screening allows for the identification of children
with CHD at high risk of infection, opening potential opportunities for preventive therapy.
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Aunorauus

AxkryanbHoctb. /Jletn c BpoxzaennbiMu mopokamu cepana (BIIC) wmeloT BbICOKMIT PUCK WMHQEKIIMOHHBIX OCJIOKHEHUN
¢ HeGJIArOMPUSITHBIM MCXO/IOM, YTO CBsi3aHO ¢ HeanekBaTHbIM UMMYHHBIM oTBeToM. TREC 1 KREC siBiistioTcst pr3HaHHBIME
6uomapkepamu T- u B-ksietounoro sumMdonossa y HOBOPOKIAECHHbIX.

Iexp uccnenoBanus: orennTh KommuecTBO KoybileBbiX yyacTkoB JJHK — TREC u KREC y znereii ¢ BposkieHHBIMU TIOPOKaMU
cepaIa.

Marepuaisi 1 MeToAbI. [Ipu IpOBeIeHNH FCCIIeI0BAHMS UCIIOIB30BATINCH JAHHbIE HEOHATAIBHOTO CKPMHUHTA HA TIEPBUYHbIE NM-
myHonedbunutsl B CtaBpomnosbckoM kpae 3a mepuoj ¢ 01.01.2023 mo 30.06.2024. Ocymiectsiien ananu3 TREC u KREC y 43 Ho-
BopoxeHHbIX ¢ BIIC 1o cpaBHEHMIO €O 3[0POBBIMH MJIA/ICHI[AMU.

Pesyasratel ucciaenoanud. [lokasatresn TREC u KREC y nereit ¢ BIIC 6b1ti HUIKe, YeM y 3J0POBBIX JeTell. YCTaHOBJIEHA
cBs13b ypoBaeit TREC ¢ abcosmioTHOM JimMborienneii, pasBuTHeM MHPEKIIMOHHBIX ocIoskHeHni. Onpexneneno cumkernne KREC
y muazierties ¢ BIIC 1 reHeTHYeCKUME CHHAPOMaMU. YcTaHoseHo, 4to yposerb TREC menee 650 komuii Ha 10° KI€TOK MOKeT
OBITh IIPEAUKTOPOM Pa3BUTHsI MHMEKIIMOHHbBIX OCJI0KHEHNIT y HOBOpoxkneHHbIX ¢ BIIC.

BoiBoasr: ymensienne yncia konuii TREC n KREC B HeonatanbpaoM ckpunuHTE 1103BOJIsIET BBISBUTSD JleTell ¢ BIIC ¢ BeicokmMm
PHCKOM MH(MDUINPOBAHUS, OTKPHIBASI TOTEHIMATbHBIE BO3SMOKHOCTH [T TPOMIIAKTITYECKOI TEPATTHH.

KioueBbie cioBa: Bposkaentbie mopoku cepana, TREC, KREC

Koudmmkr unrepecos:
ABTODBI 3asIBJISAIOT 00 OTCYTCTBUU KOH(MIIMKTA HHTEPECOB.

s muruposanus: bapsruesa J1.1IO., baunesa JI.U., ITyukoB A.A., Cenesnena 10.T., KospmoBa H.A. Ilokazatemim TREC u KREC
y TIAIUEHTOB C BPOKAECHHBIMU TTOPOKAMU cepiiia. J[aHHble HeOHATATHbHOTO CKPUHUHTA. ALLeP2on02Us U UMMYHOTLOZUS 6 NEOUAMPUU.
2024; 3: 42—53. https://doi.org/10.53529,/2500-1175-2024-3-42-53

Relevance. Excision rings of T-cell receptor re-  screening in many countries of the world to diagnose
arrangement genes (TREC) and k-deletion excision  severe combined immune deficiency (SCID) and oth-
circles (KREC) are formed during differentiation of  er congenital immune errors in newborns [1, 2]. In
immune cells in the territory of central organs of im-  addition to TCIN, TREC detection can identify oth-
munopoiesis at the stage of forming their antigen-rec-  er forms of T-cell lymphopenia (TCL), including Di
ognizing repertoire and are markers of newly formed  Giorgi, CHARGE, Jacobsen, Louis-Bar, Wiskott-Al-
T- and B-lymphocytes [1, 2]. Multiplex real-time  drich McKusick, Noonan, Down syndromes, as well
PCR assay of TREC and KREC is used in neonatal  as secondary TCL in infants with cardiac, gastroin-
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testinal, neonatal leukemia, and profound prematuri-
ty syndromes [3, 4, 5, 6]. It has been shown that non-
TREC TCL are 3-4 times more common than TREC
[3, 7]. A high percentage of children with abnormal
TREC indices have congenital heart disease (CHD)
[3,7].

It is known that infants with CHD suffer from fre-
quent infections with a high risk of complications and
fatal outcomes [8]. Clinical trials demonstrate low
levels of T-lymphocytes and their subpopulations in
children with CHD, which confirms the important
role of TCL in the development of infectious com-
plications [8, 9]. It has been previously shown that
reduced TREC copy number in newborns may be
associated with heart defects [3, 5, 7, 10]. However,
the prevalence of T-cell lymphopenia in children with
CHD has not been fully determined.

STUDY OBJECTIVE: evaluate the results of neona-
tal screening (TREC, KREC) in children with con-
genital heart disease.

MATERIALS AND METHODS. We conducted
a single-center retrospective cohort study includ-
ing infants with diagnosed structural CHD born in
Stavropol Krai between 01.01.2023 and 30.06.2024.
Patients were selected on the basis of Stavropol Clin-
ical Perinatal Centers #1 and #2, as well as the De-
partment of Pathology of Newborns and Prematurity
of the Regional Children’s Clinical Hospital of Stav-
ropol city. The diagnosis of congenital heart disease
was determined in accordance with clinical guidelines
on the basis of clinical and instrumental data taking
into account ICD-9. The archival case histories of
patients were analyzed. Infants with CHD born at
gestational age of more than 34 weeks were included
in the study; infants with other causes of secondary
lymphopenia, including profound prematurity, GI
malformations, neonatal leukemia, and those born
to HIV-infected mothers and mothers who received
immunosuppressive therapy during pregnancy were
excluded.
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The results of TREC and KREC in 43 children
with CHD and 100 healthy children were obtained

during neonatal screening and provided by the
neonatal screening laboratory of the Stavropol Krai
Clinical Perinatal Center (SKCCPC). Blood was col-
lected at the age of 24-48 h from preterm neonates
and 144-168 h from premature neonates (Order of the
Ministry of Health of the Russian Federation from
21.04.2022 Ne 274N.) The study was approved by
the Local Ethical Committee of StSMU. Parents of
patients signed informed consent for participation in
the study:.

TREC and KREC were determined at the re-
search center of the S. V. Ochapovsky Krai Clinical
Hospital No. 1 (Krasnodar) by real-time quantitative
polymerase chain reaction for analysis of dried blood
spots. TK-SMA” test systems of Generium were used.

A threshold level of TREC and KREC of less than
100 per 100,000 cell copies was considered criteria for
a positive result for SCID and other inborn errors of
the immune system according to the screening pro-
cedure [11].

If low levels of TREC/KREC were obtained, the
first stage of confirmatory diagnostics was performed
on a test form in the Federal State Budgetary Sci-
entific Institution “Medical and Genetic Research
Center named after Acad. N. P. Bochkov”. In new-
borns with abnormal TREC/KREC, according to the
retest data, extended immunophenotyping (IPT) was
performed in the immunologic laboratory of the Dm.
Rogachev MDRC and molecular genetic study with
determination of 22q11.2 and 10p14 deletion, as well
as exome (NGS) and, if necessary, full exome (WGS)
sequencing in the N. P. Bochkov Medical and Genet-
ic Research Center. Patients with one or more IFT
indices below the reference values (CD3 < 1500 kL/
uL, CD3CD45RA < 60%, CD19 < 400 kL/uL) in the
absence of pathogenic variants in the primary IDS
genes were referred to the secondary lymphopenia
group [11].

Statistical analysis of the data was performed us-
ing Statistica 10 software. Demographic data as well
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as excision ring indices of rearrangement genes were
presented using descriptive statistics in the form of
median and interquartile range. The Mann-Whitney
U-criterion was used to compare TREC and KREC
values. ROC curve analysis was used to assess the sig-
nificance of TREC/KREC as predictors of infectious
complications. Values of p <0.05 were considered sta-
tistically significant.

STUDY RESULTS. 43 infants (25 boys and 18 girls)
with heart defects enrolled in a neonatal screening
program for 1.5 years were included in the study. Cya-
notic heart defects were verified in 5 (11.6%) infants,
including tetrad of Fallot (2), single ventricle of the
heart (1), and transposition of the main vessels (2).
Among noncyanotic defects, aortic coarctation was
diagnosed in 7.9 %, aortic valve stenosis in 10.5 %,
atrial septal defects in 21.1 % and interventricular
septal defects in 44.7 %, atrioventricular commu-
nication (7.9 %), and ductus arteriosus (7.9 %). In
9 (20.9%) cases CHDs were found in the structure
of genetically determined diseases: Edwards syn-
dromes — 4.6 %, Aper syndromes — 2.3 %, Down syn-
dromes — 13.9 %. Surgical treatment was performed
in 15 (34.9%) patients.

40 children were born prematurely (gestational
age =37 weeks) and three were moderately prema-
ture (32-36 weeks). 9 (20.9%) children had low birth
weight relative to gestational age. Hypoxic-ischemic
encephalopathy (HIE) of moderate severity was di-
agnosed in 28 (65.1%) newborns, and severe HIE
with development of IVH was diagnosed in 2 (4.7%).
Serious infections developed in 28 (65.1%) infants,
including pneumonia in 25 (58.1%), bronchiolitis/
bronchitis in 1 (2.3%), necrotizing enterocolitis in
1(2.3%), urinary tract infections in 5 (11.6%), and
skin infections in 2.3%. (1).

Abnormal TRECs (less than 100 copies per 10°
cells) were obtained in 2 children, representing 22.2%
of 9 cases of secondary lymphopenia verified in SK
within 1.5 years (01.01.23 to 01.07.24).

Patient 1. He was born at 39 weeks of gestation,
with signs of asphyxia, grade 2 DN, hospitalized in
the ORIT. A CHD was diagnosed in the newborn
period: pulmonary artery stenosis, a functioning oval
window. In the framework of neonatal screening low
KREC number — 70 copies per 100 thousand leu-
kocytes was detected and confirmed by retest. The
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hemogram at the age of 3 weeks of life revealed mod-
erate lymphopenia — 2900 cells/uL. According to
immunophenotyping data, normal content of CD3 —
2700 kl/ul, CD4 — 2300 kl/ul, CD8 — 490 kl/pl,
significant decrease of CD19 — 50 kl/ul, and signs of
transient infantile hypoimmunoglobulinemia (IgA —
0g/L, IgG — 3.16 g/L, IgM — 0.51 g/L) were deter-
mined. Molecular genetic study revealed no clinically
significant mutations by full-exome sequencing. The
child underwent neonatal pneumonia, and there were
no serious infectious diseases in the subsequent pe-
riod. Lymphopenia resolved at the age of 3 months.

Patient 2. The boy was born prematurely at the
34th week of gestation with a weight of 1490 g and an
Apgar score of 4. At the 22nd week of pregnancy, cor-
docentesis and karyotyping were performed, and Ed-
wards syndrome was verified. At birth the condition
was severe due to cardiovascular insufficiency, DN
2-3rd stage, hypoxic-ischemic encephalopathy 2nd
stage. CHD of high complexity category was con-
firmed: common atrioventricular canal. The patient
had a ASD (3.5 mm), VSD (5 mm), PDA (2.5 mm)
with signs of pulmonary hypertension. The results of
NS after the post-conceptional age of 37 weeks re-
vealed low KREC — 96 copies per 100,000 cells. IFT
results revealed normal CD3 counts of 3474 cells/uL,
CD3CD4CD45RA counts of 1844 cells/uL, and low
CD19 counts of 132 cells/uL. No clinically significant
mutations were detected according to WGS data.

During 4 months of observation there were con-
tinuously recurrent bacterial infections (pneumonia,
omphalitis, enterocolitis, otitis media, pyoderma),
lack of weight gain, cytopenic syndrome (platelet
count 50-90*10°/1, anemia of 2-3rd degree), need
for continuous antibacterial and antifungal therapy.
During the monitoring of humoral immunity factors
the decrease of serum immunoglobulins was deter-
mined (IgA — 0.1 g/1, IgG — 2.9 /1, [eM — 0.35 g/1).
He is in the intensive care unit of SKCPC, prognosis
is doubtful.

When evaluating the screening results in the gen-
eral CHD group, a statistically significant decrease
in TREC — 1198 [698; 1717], (p<0.05) and KREC
— 954 [587; 1253] copies per 10° cells, p<0.01 com-
pared to healthy children was revealed (Fig. 1, 2).
Adecrease in TREC values in newborns with cyanot-
ic CHD, genetic diseases in combination with CHD
was determined, as well as in children with lethal out-
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Fig. 1. TREC indicators in children with congenital heart
defects (illustration by the author)
Mokasatenu TREC y neteii ¢ BPOXAEHHbLIMM MO-

pokamu cepaua (nnanocrtpauusa asTopa)

Puc. 1.

Note: p — differences compared to healthy children (Mann — Whitney test)

MprvmeyaHune: p — pasnnyumns No CPaBHEHMIO CO 3A0POBLIMU AETbMU (KpK-
Tepuit MaHHa — YUTHW)

come (Table 1). However, due to the small number of
groups, the differences were not statistically signif-
icant. As expected, TREC content was significantly
lower in infants with lymphopenia (lymphocyte level
less than 3000 cells/uL) — 729.0 [567.0; 1332.0] cop-
ies per 10°cells, p = 0.049.

KREC copy number was lower in newborns with
CHD in the genetic disease pattern (1180.5 [573.5;
1579.5] copies per 10° cells, p = 0.04) compared to

Table 1.

(author’s table)
Tabnvua 1.

XapakTepucTukun (Tabnuua asTopa)

Fig. 2. KREC indicators in children with congenital heart
defects (illustration by the author)
Mokasatenun KREC y neteii ¢ BPOXAEHHbIMUA

rnopokamu cepgua (nanocrtpauus asTopa)

Puc. 2.

Note: p — differences compared to healthy children (Mann — Whitney test)

MNpumeyaHne: p — pasnnumns No CPaBHEHMIO CO 340POBLIMU AETbMMU (KPK-
Tepuin MaHHa — YUTHU)

children with CHD without genetic syndromes. No
statistically significant difference was obtained de-
pending on the type of CHD, outcome of the disease.

TREC values were found to be decreased in
newborns with CHD and infectious complica-
tions, 923 [563; 1245] when compared to the
group without infectious episodes — 1877 [1427;
2855] copies per 10° cells, p = 0.001. Similar pat-
terns were found when analyzing KREC, 708.5

TREC and KREC indicators in newborns with heart defects, depending on demographic characteristics

Mokasatenn TREC u KREC y HOBOPOXAEHHbIX C MOPOKaMu cepaua B 3aBUCUMOCTU OT AeMorpaduieckom

Indicators ~ Genetic disease Lymphocyte count Nature of CHD Outcome

with without >3000 kl/ul <3000 kl/ul  with without alive died

cyanosis cyanosis

n=38 n=235 n=14 n=29 n=5 n=238 n=39 n=4
TREC, 1180,5 1201,0 1233,0 729,0 1201,0 1359,0 1198,0 959,5 [520;
copies /10° [573,5; [702,0; [923,0;1 [567,0; [702,0; [694,0; [702,0; 1891,5]
cells 1579,5] 1800,0] 910,0] 1332,0]* 1483,0] 1800,0] 1800,0]
KREC, 538,5 1020,0 813,5 1020,0 954,0 9440 943,0 954,0
copies /10%  [417,0; [632,0; [585,0; [619,0; [798,0; [563,0; [792,5; [563,0;
cells 792,5]** 1451,0] 1514,0] 1245,0] 1260,0] 1245,0] 2507,5] 1260,0]

NOTE: * — THE RELIABILITY OF DIFFERENCES IN INDICATORS DEPENDING ON THE NUMBER OF LYMPHOCYTES, ** — THE RELIABILITY OF DIFFERENCES IN INDICATORS IN CHILDREN WITH AND WITHOUT

GENETIC DISEASES, P< 0.05 (MANN — WHITNEY CRITERION)

MPUMEYAHVE: * — OCTOBEPHOCTb PA3NIVHNI MOKASATE/NEN B 3ABUCYMOCTM OT YUCTIA IMMBOLMTOB, ** — NOCTOBEPHOCTb PA3/IMHMI MOKASATENEN Y IETEN C FEHETUHECKVMUN 3ABONEBA-

HUAMM ¥ BE3 HUX, P< 0,05 (KPUTEPMII MAHHA — YUTHW)
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[430.3; 1047.8] and 1260 [954; 1747] copies per
105 cells, respectively, p=0.01. By ROC analysis,
a decrease in TREC of less than 650 copies per 10°
cells was able to predict infectious complications
in newborns with CHD (OR, 10.1; CI 2.35-43.3,
p = 0.049) with sensitivity (87.4%), specificity
(64.7%), positive (78.7%) and negative (73.3%)
predictive value (AUC, 0.87).

A decrease in KREC less than 580 copies per 10°
cells increased the risk of infectious complications
in neonates with CHD (OR, 10.9; CI 2.34-51.2,
p=0.067), but the level of statistical significance was
higher than 0.05.

DISCUSSION. Despite modern achievements in
the therapy of congenital heart disease, children
with CHD have a high risk of infectious morbidity
and mortality during the newborn period [9, 12, 13].
It has been determined that structural CHD is ac-
companied by a decrease in the number and maturity
of immune cells, decreased differentiation of T-lym-
phocytes in the thymus, IgG and IgA deficiency [ 14,
15]. Such features of immune status determine the in-
creased incidence of RS-infection, increasing the risk
of bronchopneumonia and bronchiolitis with lethal
outcome at least 25 times [15].

It has been shown that CHD predispose to the
development of sepsis and prolonged ALV, which is
due not only to changes in the small circulation but
also to immune compromise [16]. Routine thymec-
tomy in the correction of CHD may exacerbate
T-cell lymphopenia and sensitivity to infections
subsequently [17, 18].

In the present study, newborns with CHD were
found to have lower levels of TREC and KREC com-
pared to healthy infants in our cohort, as well as when
compared to reference values obtained previously us-
ing reported test systems [19].

Abnormal TREC indicators were detected in 2
(4.7 %) children who did not have molecular genetic
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features of primary IDS. Their share in the structure
of secondary lymphopenia according to the results of
NS in the region amounted to 22.2%.

A pattern of decreased TREC in patients with low
absolute lymphocyte counts was obtained.

According to other research centers, the share
of congenital heart defects in the structure of sec-
ondary lymphopenia ranges from 24 to 40% [1, 7,
20]. In the work by K. Kennedy et al. abnormal
TREC levels (below the threshold values defined
for PID) were determined in 0.99% of newborns
with CHD [21].

In 9 children with CHD with a verified genetic
defect (Down, Edwards, Aper syndromes), a reduced
KREC copy number was found compared to infants
with CHD without genetic syndromes. At least 13
diseases combining heart defects and genetically de-
termined immunodeficiency are known, including
Down syndromes [22, 23], Di Giorgi [24, 25, 26], Ka-
buki [27, 28], Turner [15], congenital asplenia [29].
TREC and KREC have been found to be decreased
in these diseases [22, 24].

Some of the genes (CHD7, FOXN-1, GATA4,
JAG1, NKX2, TBX1) associated with CHD play a
key role not only in cardiac morphogenesis but also in
thymus development [30]. Thus, haplonephrectomy
of TBX1, a key gene in Di Giorgi disease, contributes
to the development of heart defects, hypoplasia of the
thymus and parathyroid glands, controlling the ex-
pression of almost 2000 genes [31, 32].

Most patients with Down syndrome have a
small thymus with an abnormal structure [22]. Al-
tered myelo- and lymphopoiesis causes a decrease
in T- and B-cells in 90% of children [34]. Changes
in microRNA expression in immune cells, increased
signaling from TLR2 causing immune dysregulation
are considered as potential mechanisms for the de-
velopment of IDS [34]. Low TREC copy number in
newborns with Down syndrome reflects a decrease
in the differentiation of T-lymphocytes in the thy-
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mus and their transport into the peripheral blood-
stream [22].

Fundamental studies of recent years have been
devoted to the study of the relationship between
congenital heart defects and immune defects [9, 15,
35]. It has been shown that the embryonic devel-
opment of thymus and heart are united by common
precursor cells — neural crest cells involved in the
development of the cardiovascular system, as well
as the thymus capsule and pericytes [35]. Loss or
dysregulation of neural crest cell signaling pathways
contributes to both heart defects and thymic hypo-
plasia [35, 36].

In addition, perinatal risk factors such as medica-
tions, cigarette smoking, gestational diabetes melli-
tus, malnutrition or congenital infections are associ-
ated not only with the development of heart defects
but also with intrauterine thymus atrophy [37, 38].
The defect in T-lymphocyte development in neonates
with CHD is reflected in the peripheral compartment
of immunocompetent cells [9]. Patients with heart
defects and thymus atrophy have low numbers of
T-lymphocytes, as well as naive T cells (RTE) that
have recently completed intrathymic development
and migrated into the peripheral bloodstream [9].
Low RTE counts correlate with reduced TREC lev-
els [5, 39, 40].

In the study by B.T. Davey et al. study, the median
TREC level in newborns with CHD was significantly
lower than in the population [ 14]. Patients with CHD
requiring hospitalization for an infectious disease had
lower TREC values compared to children without in-
fectious complications [14], which is consistent with
our findings.
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