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GENERAL DESCRIPTION OF THE WORK

Relevance of the topic. Congenital heart defects (CHD) are among
the most common congenital anomalies in children and remain an
important problem of modern pediatrics and pediatric cardiology®. Their
clinical significance is determined not only by the nature of the
anatomical defect and the severity of hemodynamic disturbances, but also
by the development of systemic changes that may affect the child’s
condition, the course of the disease, and the adaptive capacity of the body.
Despite significant advances in diagnosis, cardiac surgical correction, and
postoperative management, assessment of the baseline condition of a
child with CHD before surgical intervention remains important. The
clinical picture of the disease is formed not only as a result of disturbed
intracardiac hemodynamics, but also under the influence of changes in
tissue perfusion, gas exchange, cellular metabolism, and systemic
regulatory mechanisms. Prolonged hemodynamic overload, impaired
tissue perfusion, and chronic hypoxemia, particularly characteristic of
cyanotic forms of CHD, may be accompanied by changes in the
inflammatory response and immune regulation?. In the setting of a long-
standing defect, the child’s body adapts to altered parameters of
circulation and oxygenation; however, the possibilities of such adaptation
are not identical in different clinical and hemodynamic variants of the
disease. In acyanotic forms, the leading role may be played by the
characteristics of intracardiac shunting and hemodynamic load, whereas
in cyanotic defects systemic hypoxemia acquires additional significance.
Therefore, comparison of these two groups is of interest not only from
the standpoint of the anatomical classification of CHD, but also for
assessing differences in the systemic response of the child’s body. The
relationship between hypoxia, immunity, and inflammation is mediated

1 LiuY., Chen S., Ziihlke L., Black G.C., Choy M.K., Li N. et al. Global birth prevalence
of congenital heart defects 1970-2017: updated systematic review and meta-analysis of
260 studies. International Journal of Epidemiology. 2019;48(2):455-463.
doi:10.1093/ije/dyz009. https://doi.org/10.1093/ije/dyz009

2 Wienecke L.M., Cohen S., Bauersachs J., Mebazaa A., Chousterman B.G. Immunity
and inflammation: the neglected key players in congenital heart disease? Heart Failure
Reviews. 2022;27(5):1957-1971. doi:10.1007/s10741-021-10187-6.
https:/link.springer.com/article/10.1007/s10741-021-10187-6
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by the involvement of oxygen-dependent signaling mechanisms in the
regulation of immunocompetent-cell activity®. Changes in tissue oxygen
supply may affect the functional state of immune-system cells, their inter-
actions, and regulatory mechanisms. In pediatric practice, the study of
these processes is of interest for the comprehensive assessment of
children with different clinical and hemodynamic variants of CHD. It is
fundamentally important to consider immunological parameters not in
isolation, but in the context of the underlying disease, hemodynamic
characteristics, and the presence or absence of chronic hypoxemia. Such
an approach makes it possible to preserve the clinical orientation of the
study and to evaluate the identified laboratory changes as part of the
overall characteristics of a child with a congenital heart defect. An
important direction in the study of systemic changes in CHD is the
assessment of leukocyte and lymphocyte counts, as well as the main
subpopulations of immunocompetent cells. Studies of the T-cell com-
partment in children with CHD indicate the presence of specific features
of the immune response in this condition®. T lymphocytes participate in
the coordination of cellular immune reactions; therefore, assessment of
their major subpopulations provides information about the state of
cellular immunity. At the same time, interpretation of these parameters in
childhood requires caution, because the absolute number of circulating
cells and their percentage distribution may change differently. In this
regard, the simultaneous use of absolute and relative parameters is more
informative than assessment of only one of these characteristics.
Determination of the absolute and relative counts of CD3*, CD4", and
CD8" T lymphocytes, CD19" B lymphocytes, and CD16/56* natural
killer cells broadens the characterization of immune status °. CD3"* cells

3 McGettrick A.F., O’Neill L.A.J. The role of HIF in immunity and inflammation. Cell
Metabolism. 2020;32(4):524-536. doi:10.1016/j.cmet.2020.08.002.
https://pubmed.ncbi.nlm.nih.gov/32853548/

4 Jlorunosa H.IL., Yerseptueix B.A., Jle6equnckas O.B., Hlwos FO.U., Tonosanos
AT, Hunos [1.}O., Cyxannesa 1.B. ®ynkimonansHbie ocobenHocTH T-muMporuTos
y AeTeH ¢ BpOXKIEHHBIMU IOPOKaMU cepaua. Poccuiickuii IMMYHOJIOTHYECKUH Ky pHAJL.
2015;9(18)(2):216-221.

5 Singampalli K.L., Jui E., Shani K., Ning Y., Connell J.P., Birla R.K. et al. Congenital
heart disease: an immunological perspective. Frontiers in Cardiovascular Medicine.
2021;8:701375. doi:10.3389/fcvm.2021.701375. https://www.frontiersin.org/journals/
cardiovascular-medicine/articles/10.3389/fcvm.2021.701375/full
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reflect the total T-cell pool, whereas CD4* and CD8* subpopulations
characterize the main functional directions of the T-cell immune
response. CD19" cells allow assessment of the B-cell compartment, and
CD16/56" cells characterize the natural killer cell population. Combined
investigation of these parameters makes it possible to assess immune
status not by an isolated marker, but as a set of interrelated cellular
components.

Comparison of absolute and relative parameters is of particular
importance, because changes in the number of immune cells are not
always accompanied by unidirectional changes in their percentage
distribution. An increase in the absolute number of a certain
subpopulation while its relative proportion remains unchanged may
reflect general changes in the cellular pool, whereas a change in
percentage may indicate rearrangement of the proportions between
individual cell populations. Therefore, simultaneous assessment of both
types of parameters helps avoid oversimplified interpretation of
immunological data and is especially important when comparing children
with CHD and practically healthy children. Particular attention should be
paid to HLA-DR, a major histocompatibility complex class Il molecule
involved in antigen presentation and used to characterize the activation
state of certain cell populations. Features of HLA-DR expression on
lymphocytes have been studied in children with septal CHD .
Assessment of HLA-DR is of interest as an additional component of
immunological characterization, especially when comparing different
clinical and hemodynamic forms of CHD. It is fundamentally important
to distinguish between the absolute number of HLA-DR™ cells and their
relative proportion, because these parameters may change differently and
reflect different aspects of the cellular response. Further interest lies in
assessing the absolute and relative counts of HLA-DR™ cells in
combination with other immunological parameters in acyanotic and
cyanotic forms of the disease. Such an approach makes it possible to
determine whether the identified changes are isolated or form part of a

® Ila6ammuu A.B., Cunmikas A.B., llImynesuu C.A., ['pumagesa E.O. Ocobennoctu
akcnpeccun Mosekyn HLA-G u HLA-DR nHa nmiMdonmrax »KEHIIUMH U UX JeTed ¢
CeNTAJBHBIMA  BPOXKICHHBIMU TOPOKaMH  CepAna. MEIUIMHCKAsT HWMMYHOJIOTHS.
2024;26(1):89-106.
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broader complex of immunological features. Comparison of HLA-DR
with T-, B-, and NK-cell indices is particularly important because it
allows immune status to be considered as an integrated system rather than
as a set of independent laboratory parameters. Cytokine assessment plays
an important role in characterizing the inflammatory response. Their
involvement in the regulation of immune reactions and the development
of pathological processes, as well as the significance of their clinical
investigation, has been discussed in the works of national authors’8.
Cytokines mediate intercellular communication and participate in the
regulation of inflammatory and immune reactions. In CHD, their study is
of interest because hemodynamic load, impaired tissue perfusion, and
hypoxemia may create conditions for alterations in the systemic
inflammatory response even before surgical correction of the defect. In
CHD, particular attention is paid to tumor necrosis factor alpha (TNF-a)
and interleukin-6 (IL-6). Changes in the levels of these cytokines reported
in children with CHD support the need to investigate the inflammatory
component of systemic alterations in this condition °. TNF-o.is of interest
not only as a pro-inflammatory mediator, but also as a factor associated
with the regulation of cell death and intercellular interactions. 1L-6 also
participates in the formation of the inflammatory response and may
complement its laboratory characterization. At the same time, interpre-
tation of cytokine parameters requires consideration of the study design,
the size of the examined sample, and the clinical condition of the children.
In the present study, IL-6 is assessed as an additional indicator of the
inflammatory component in the examined subgroup and is not used for
independent assessment of differences between all main groups. This
approach makes it possible to avoid overinterpretation of limited data and
to maintain consistency between the findings actually obtained and the

" Poluxova A.O., Rahimova N.C., Quliyev N.C. Miixtolif patologiyalarm yaranmasinda,
gedisindo  vo prognozlagdirilmasinda  sitokinlorin ~ Oyronilmasinin  ohomiyyati.
Azarbaycan Perinatologiya va Pediatriya Jurnali. 2013;1(1):169-178.

8 Tagiyev N.Y., Poluxova A.9., Musayev .M. Sitokinlor haqqinda miiasir tesovviirlor,
onlarin norma vo miixtalif patologiyalarin inkisafinda rolu. Saglamliq Jurnali.
2006;(7):13-20.

®Wang D., Fang J., Wang R., Sun D., Xia K., Yin W., Zhang S., Sun L. Elevated serum
ghrelin, tumor necrosis factor-a and interleukin-6 in congenital heart disease. Pediatrics
International. 2016;58(4):259-264. doi:10.1111/ped.12773.
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conclusions formulated. Immune and inflammatory changes are closely
related to the processes of programmed cell death. Studies of the thymus
in children with CHD indicate an association between hypoxia and
changes in apoptotic processes in an immunocompetent organ ©.
Apoptosis is a physiologically regulated mechanism for maintaining
cellular homeostasis; however, changes in its regulation may accompany
chronic pathological conditions. In CHD, interest in this process is
primarily related to the possible relationship between chronic hypoxemia,
inflammatory mediators, and the state of immunocompetent cells. The
membrane receptor CD95 (Fas), which participates in the extrinsic
apoptotic pathway, is of particular interest. Assessment of the relative and
absolute counts of CD95" cells allows characterization of the Fas/CD95-
dependent component of apoptotic regulation and the apoptotic readiness
of immunocompetent cells; however, this parameter itself is not a direct
measure of the intensity of cell death. This is fundamentally important for
correct interpretation of the results: an increase in CD95" cell counts
should be regarded as a change in the state of Fas/CD95-dependent
regulation rather than as direct evidence of increased cell death.
Combined investigation of CD95 and TNF-a is also of interest because it
allows comparison of apoptotic-regulation and inflammatory-response
parameters within the same clinical sample. Combined investigation of
inflammatory and apoptotic markers in children with CHD has already
been reported in the literature 1. Nevertheless, there remains a need to
compare these markers with indices of cellular immunity, HLA-DR
expression, and the leukocyte—lymphocyte compartment within a single
examined cohort. Such comparison is particularly relevant when children
are divided into acyanotic and cyanotic forms of CHD, because it allows
assessment of which changes are common to congenital heart defects as

10 Ceyran A.B., Senol S., Giizelmeri¢ F., Tunger E., Tongut A., Ozbek B. et al. Effects
of hypoxia and its relationship with apoptosis, stem cells, and angiogenesis on the thymus
of children with congenital heart defects: a morphological and immunohistochemical
study. International Journal of Clinical and Experimental Pathology. 2015;8(7):8038-
8047

11 Nassef Y.E., Hamed M.A., Aly H.F. Inflammatory cytokines, apoptotic, tissue injury
and remodeling biomarkers in children with congenital heart disease. Indian Journal
of Clinical Biochemistry. 2014;29(2):145-149. doi:10.1007/s12291-013-0341-0.
https://link.springer.com/ article/10.1007/s12291-013-0341-0
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a whole and which may be more pronounced in the presence of chronic
hypoxemia.

Thus, comprehensive investigation of immune status,
inflammatory activity, and apoptotic-regulation processes in children
with CHD is relevant. The obtained data may complement the
comprehensive clinical and laboratory assessment of the baseline
condition of children with CHD at the preoperative stage and
contribute to a more complete understanding of the immunological,
inflammatory, and apoptotic changes associated with different clinical
and hemodynamic forms of the disease.

Object and subject of research. The object of the study was
children with congenital heart defects examined before surgical
correction and practically healthy children in the control group. The
subject of the study was the pattern of cellular immunity, Fas/CD95-
dependent apoptotic regulation and inflammatory response, and their
relationships in acyanotic and cyanotic forms of CHD.

Purpose of the study. To determine the features of immune
status, apoptotic regulation and inflammatory changes in children with
CHD and assess the relationships between the studied parameters with
consideration of the clinical and hemodynamic form of the disease.

The tasks of the research:

1. To assess the state of cellular immunity in children with CHD
based on the absolute and relative values of CD3*, CD4*, CD8",
CD19*, CD16/56" and HLA-DR* cells, as well as the CD4/CD8
ratio, in comparison with practically healthy children.

2. To investigate the features of apoptotic regulation in children
with CHD based on CD95* cell levels and TNF-a. levels, taking
into account the acyanotic and cyanotic forms of the disease.

3. To characterize inflammatory changes in children with CHD
based on leukocyte count, absolute and relative lymphocyte
counts, and IL-6 levels in the examined subgroup.

4. To compare immunological, apoptotic and inflammatory
parameters in acyanotic and cyanotic CHD and assess the
frequency of their combined changes.

5. To determine the nature and strength of correlations between the
studied parameters of cellular immunity, apoptotic regulation,
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and inflammatory response in children with congenital heart

defects using correlation analysis.

Research methods: Clinical, instrumental, laboratory, immuno-
logical, and statistical methods were used. CHD was assessed clinically,
by echocardiography, and by pulse oximetry; immunological indices
were determined by flow cytometry and enzyme-linked immunosorbent
assay. Comparative and correlation analyses were performed.

Main provisions of the dissertation submitted for defense:

1. In children with CHD, the absolute counts of CD3*, CD4*, CD8",
CD19* and CD16/56" cells are increased, whereas most relative
parameters and the CD4/CD8 ratio remain substantially
unchanged.

2. Apoptotic regulation in CHD is characterized by increased relative
and absolute counts of CD95* cells and elevated TNF-a levels.

3. The inflammatory response in children with CHD is accompanied
by changes in leukocyte—lymphocyte parameters; determination of
IL-6 in the examined subgroup complements its characterization.

4. Changes in acyanotic and cyanotic CHD are predominantly
unidirectional; the cyanotic form is characterized by a lower
relative count of HLA-DR* cells and a more frequent combination
of several altered parameters.

5. Relationships between immunological, apoptotic and inflam-
matory parameters reflect the interrelated nature of systemic
changes in children with CHD.

Scientific novelty of the work: A comprehensive assessment of
cellular immunity, apoptotic regulation, and inflammatory response
was performed in children with acyanotic and cyanotic CHD. Higher
absolute counts of the major lymphocyte subpopulations, increased
CD95" cell counts and TNF-a values, and a lower relative HLA-DR™
cell count in cyanotic CHD were identified. Relationships between
CD95" cells and cellular indices, as well as a higher frequency of
combined abnormalities in cyanotic CHD, were established.

Practical significance: The obtained results complement the
clinical and laboratory assessment of children with CHD at the preope-
rative stage. Joint evaluation of absolute and relative lymphocyte-
subpopulation indices, CD95, and TNF-a is advisable with
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consideration of the clinical and hemodynamic form of CHD. The
studied parameters have additional value and do not replace standard
clinical and cardiological examination.

Approval of research work: The main provisions and results of
the dissertation were presented and discussed at national and international
scientific events: the International Conference on Immunopathology
(Baku, 2019); the scientific-practical congress dedicated to the 80th
anniversary of the Department of Pediatric Surgery of Azerbaijan Medi-
cal University (Baku, 2019); the scientific-practical seminar dedicated to
the 100th anniversary of National Leader Heydar Aliyev (Baku, 2023);
the 1st International Congress of the Azerbaijan Pediatric Society (Baku,
1-3 June 2023); the X International Scientific and Practical Conference
“Challenges and Problems of Modern Science” (London, United King-
dom, 19-20 October 2023); and the International Scientific and Practical
Conference “Current Issues of Medicine, Pharmacology, Therapy and
Rehabilitation” (Ivano-Frankivsk—Kherson, Ukraine, 23-24 May 2025).

Application of the research: The study results were incorpo-
rated into the educational and clinical process of the Educational-
Therapeutic Clinic of Azerbaijan Medical University and into the
practical activities of the “Uniklinika” clinic, as confirmed by the
corresponding implementation acts.

The organization in which the dissertation work was carried
out: The dissertation research was conducted at the clinical and
laboratory facilities of Azerbaijan Medical University, including the
Educational Surgical Clinic, the Educational Therapeutic Clinic, and the
Immunology Laboratory of AMU, as well as at Uniklinika. The
comparative study included 113 children: 90 children with CHD and
23 practically healthy controls. The CHD group included 59 patients with
acyanotic and 31 patients with cyanotic defects. The main investigations
were performed before surgical correction. A comprehensive assessment
of combined changes in six parameters was performed in 68 children who
had the complete required laboratory dataset. The study was conducted
in accordance with ethical principles and after informed consent had been
obtained from parents or legal representatives.

Published scientific works: Fifteen scientific works were
published on the topic of the dissertation, including 8 scientific
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articles, 6 abstracts, and 1 material of an international scientific
conference, reflecting the main results of the study.

Structure and Scope of the Dissertation. The dissertation is
presented on 181 pages (223.381 characters) and consists of an introduc-
tion (19.818 characters), six chapters, a general conclusion (17.760 cha-
racters), conclusions (3.078 characters), practical recommendations
(1.515 characters), a list of references, and a list of abbreviations.
Chapter 1 (51.259 characters) contains the literature review;
Chapter 11 (19.356 characters) presents the materials and methods.
Chapters 111 (26.136 characters) and IV (20.639 characters) present the
results of studies of cellular immunity, apoptotic regulation, and the in-
flammatory response in children with CHD. Chapter V (25.440 charac-
ters) presents the analysis of relationships and the comprehensive as-
sessment of combined abnormalities, and Chapter VI (38.390 characters)
discusses the obtained results. The dissertation is illustrated with 14 tables
and 21 figures. The bibliography includes 170 sources.

MATERIALS AND METHODS OF THE RESEARCH

The study was designed as a comparative clinical-immunological
study with a single assessment of the parameters at the preoperative stage.
A total of 113 children were included: 90 patients with congenital heart
defects and 23 practically healthy children in the control group. Among
the children with CHD, 59 had acyanotic and 31 had cyanotic defects. All
children with CHD were examined before surgical correction and had not
previously undergone operative treatment.

The inclusion criteria for the study were:

* presence of a congenital heart defect confirmed by clinical and
instrumental methods;
* no previous surgical correction of CHD;
« stable clinical condition at the time of examination;
« absence of an acute infectious-inflammatory disease;
« informed consent of parents or legal representatives.
The criteria for exclusion from the study were:
* previous surgical correction of CHD;
« acute infectious disease at the time of examination;
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» established primary immunodeficiency, systemic autoimmune, or
oncological disease;

» other severe concomitant diseases capable of affecting the studied
parameters;

« absence of informed consent from parents or legal representatives;

« inability to obtain biological material meeting the study requirements.

The diagnosis of CHD and its clinical-hemodynamic variant
were determined on the basis of clinical examination and echocar-
diography. The presence and severity of systemic hypoxemia were
assessed by pulse oximetry. Electrocardiography was performed
according to clinical indications.

The clinical and laboratory assessment included leukocyte count
and the absolute and relative lymphocyte counts in peripheral blood.
Flow cytometry on a BD FACSCalibur instrument (Becton Dickinson,
USA) was used to determine the absolute and relative counts of CD3*,
CD4*, CD8*, CD19* and CD16*/CD56" cells, as well as HLA-DR* and
CD95" cells. The CD4/CD8 immunoregulatory index was additionally
calculated. Serum TNF-a concentration was determined by enzyme-lin-
ked immunosorbent assay and expressed in pg/mL. TNF-a was evaluated
together with CD95 expression to characterize the relationship between
inflammatory activity and Fas/CD95-dependent apoptotic regulation.

IL-6 concentration was determined by enzyme-linked immuno-
sorbent assay in 20 children with CHD. The results were analyzed
descriptively in the overall examined subgroup. Comparisons of IL-6
with the control group and between acyanotic and cyanotic CHD were
not performed.

Quantitative variables were presented as mean and standard
deviation (M£SD). One-way analysis of variance (ANOVA) was used
for simultaneous comparison of three groups; parametric tests were
used for pairwise comparisons, and Welch’s t-test was applied when
variances were unequal. Frequencies of categorical variables were
compared using Fisher’s exact test. Relationships among the studied
parameters were assessed by Spearman rank correlation analysis.
Differences were considered statistically significant at p<0.05.

The study was approved by the Ethics Committee of Azerbaijan
Medical University, Protocol No. 19. Children participated after
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informed consent had been obtained from their parents or legal

representatives.

Table 1.
Demographic characteristics of the examined children
by study group
Control | Acyanotic | Cyanotic Total
Parameter group CHD CHD (n=113)

(n=23) (n=59) (n=31)
Age, years,
MLSD 8.84+£3.85 | 5.51£5.02 | 4.46+4.81 | 5.90+4.96
Boys,n (%) | 16 (69.6) | 34 (57.6) 19 (61.3) | 69 (61.1)
Girls, n (%) 7 (30.4) 25 (42.4) 12 (38.7) | 44 (38.9)

Note. Quantitative data are presented as arithmetic mean and standard
deviation (M£SD); categorical variables are presented as the absolute
number of observations and the proportion within the corresponding
group, n (%). CHD — congenital heart defects; SD — standard deviation.

RESEARCH RESULTS AND THEIR DISCUSSION

Features of cellular immunity in children with congenital
heart defects

Investigation of cellular immunity in children with CHD at the
preoperative stage revealed differences predominantly in the absolute
counts of the major lymphocyte subpopulations. Comparative analysis
was performed among practically healthy children (n=23), patients
with acyanotic CHD (n=59), and patients with cyanotic CHD (n=31).

The absolute CD3* T-lymphocyte count was 1831.80+460.03
cells/uL in the control group, 2716.72+1147.24 cells/uL in acyanotic
CHD, and 2780.86+1621.87 cells/uL in cyanotic CHD. The overall
intergroup difference was statistically significant (p=0.0130). A simi-
lar pattern was observed for CD4" and CD8" cells: their absolute
counts were 728.40+271.32 and 569.40+192.88 cells/uL in controls,
1135.304+567.96 and 875.54+439.34 cells/uL in acyanotic CHD, and
1201.00+£895.77 and 887.91+£627.55 cells/uL in cyanotic CHD,
respectively. Overall intergroup differences were significant for CD4*
(p=0.0273) and CD8" (p=0.0321).
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Table 2.
T-cell immunity indices in children with congenital

heart defects, M£SD
Acyanotic Cyanotic
Parameter %?2;;‘;' CHD CHD p
(n=59) (n=31)

i 1831.80+ | 271672+ | 2780.86+
CD3%cellsll | “p6003 | 1147.04% | 162187+ | 00130
CD3", % 66.30+4.11 | 63.39+8.40 | 61.32+15.05 | 0.2649

. 72840+ | 113530+ | 1201.00+
CD&, cellsul| 57137 | 'se7.96¢ | gos77+ | 00273
CD4", % 37.9546.39 | 40.93£6.70 | 40.41£10.09 | 0.3412

i 569.40+ 875.54+ 887.91+
CD8' cells/ul| 19788 | 43034¢ | 627.55 0.0321
CDS8", % 30.05+44.31 | 32.50+8.75 | 30.77+8.34 | 0.4503
IRI (CD4/ 1.31£0.36 | 1.39+0.62 | 1.38+0.46 0.8450
CD8) 310. 3940 380. .

Note. Data are presented as M+SD. p — significance level of the overall
intergroup comparison (one-way ANOVA). * — statistically significant
difference from the control group in pairwise comparison (p<0.05). IRI
— CD4/CD8 immunoregulatory index; CHD — congenital heart defects.

The relative count of CD3* cells progressively decreased from
66.304+4.11% in the control group to 63.39+8.40% in acyanotic CHD
and 61.32+15.05% in cyanotic CHD; however, the overall difference
did not reach statistical significance (p=0.2649). Intergroup diffe-
rences in the relative counts of CD4* and CD8* cells were also absent
(p=0.3412 and p=0.4503, respectively). The CD4/CD8 immunore-
gulatory index was 1.31£0.36, 1.39+0.62, and 1.38+0.46, respectively
(p=0.8450). Thus, higher absolute T-lymphocyte counts in children
with CHD were not accompanied by statistically significant differen-
ces in their relative counts or in the CD4/CDS8 ratio.

Similar features were found for B lymphocytes and NK cells. The
absolute CD19" cell count was 526.45+179.44 cells/uL in the control
group, 827.33+450.98 cells/uL in acyanotic CHD, and 918.45+485.13
cells/uL in cyanotic CHD (overall p=0.0072). Pairwise comparisons sho-
wed significant differences from control for both forms of CHD
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(p=0.00026 and p=0.00149, respectively), whereas no difference was
found between the two patient groups (p=0.463). The absolute
CD16%/56* NK-cell counts were 397.10+£165.64, 663.09+399.68, and
640.59+374.92 cells/uL, respectively (overall p=0.0190). The parameter
was significantly higher than control in both acyanotic (p=0.00030) and
cyanotic CHD (p=0.00974), with no difference between the two forms
(p=0.822).

Table 3.

Absolute and relative indices of CD19 *B lymphocytes and
CD16 756 * NK cells in the study groups, M=SD

Control Acyanotic Cyanotic
Parameter (n=23) CHD CHD p
(n=59) (n=31)

. 526.45+ 827.33+ 918.45+
CD19%cellslul | "19944 | 45098 | 48513+ | 00072
CD19", % 19.40+4.37 | 19.15+6.63 | 21.95+12.53 | 0.3978
CD16%/56", 397.10+ 663.09+ 640.59+ 0.0190
cells/uL 165.64 399.68* 374.92* '
CD16%/56%, % 14.20+4.31 | 15.98+£8.02 | 15.73+8.04 0.6589

Note. Data are presented as M+SD. p — significance level of the
overall intergroup comparison (one-way ANOVA). * — statistically
significant difference from the control group in pairwise comparison
(p<0.05). CHD — congenital heart defects.

The relative counts of CD19" B lymphocytes and CD16*/56*
NK cells did not differ significantly between the groups (p=0.3978 and
p=0.6589, respectively). Thus, as with T lymphocytes, changes in
these cell populations were manifested predominantly in absolute
indices. HLA-DR showed a different pattern from the major
lymphocyte subpopulations.

The relative count of HLA-DR* cells was 9.90+4.18% in the con-
trol group, 8.07+4.71% in acyanotic CHD, and 7.18+4.09% in cyanotic
CHD. The overall intergroup difference was not statistically significant
(p=0.1348); however, pairwise comparison revealed a decrease in
children with cyanotic CHD relative to control (p=0.0397). Differences
between the control and acyanotic groups (p=0.1227), as well as between
the two CHD forms (p=0.4319), did not reach statistical significance. The
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absolute HLA-DR* cell counts were 282.10+165.70, 340.48+285.23, and
316.234£235.50 cells/uL, respectively. No statistically significant diffe-
rences were found in either the overall comparison (p=0.6828) or

pairwise analyses (p>0.05).
A. Relative HLA-DR* cell count

Overall p=0.1348

14 1

12 1

10 A

HLA-DR*, %

contro! acyanotic crp cyanotic cHb

B. Absolute HLA-DR~* cell count

700
p=0.6828
600 A

500 A

B
o
o

HLA-DR*, cells/uL
w
o
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Figure 1. Relative (A) and absolute (B) HLA-DR *cell indices in
the study groups (M+£SD)
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Thus, in the examined cohort of children with CHD, higher
absolute counts of the major T-, B-, and NK-cell populations were
found in the absence of statistically significant differences in their
relative counts and in the immunoregulatory index. An additional
feature was a lower proportion of HLA-DR™ cells in children with
cyanotic CHD in pairwise comparison with control. These data
emphasize the importance of joint evaluation of absolute and relative
indices when characterizing immune status in children at the
preoperative stage.

Features of apoptotic regulation and inflammatory response
in children with congenital heart defects

Investigation of the Fas/CD95-dependent component of
apoptotic regulation showed increased relative and absolute counts of
CD95* cells in children with both forms of CHD. The relative CD95*
cell count was 8.70+2.23% in the control group, 19.704+9.52% in
acyanotic CHD, and 20.23+10.12% in cyanotic CHD. The overall
intergroup difference and the pairwise differences of each CHD group
from control were statistically significant (p<0.001). No difference
was found between acyanotic and cyanotic CHD (p=0.837). The
absolute CD95* cell counts were 242.50+95.89, 780.78+414.16, and
862.82+594.65 cells/uL, respectively. The overall intergroup diffe-
rence and the differences of both CHD groups from control were
statistically significant (p<0.001). Compared with control, the relative
CD95* cell count was approximately 2.3-fold higher in both forms of
CHD; the absolute count was 3.2-fold higher in acyanotic and 3.6-fold
higher in cyanotic CHD.

The findings characterize altered Fas/CD95-dependent apop-
totic regulation and increased apoptotic readiness of immuno-
competent cells. At the same time, the CD95" cell count is not a direct
quantitative measure of completed apoptosis. Assessment of TNF-a
revealed higher mean cytokine concentrations in children with CHD.
The value was 7.89+2.38 pg/mL in the control group, 34.60+£52.84
pg/mL in acyanotic CHD, and 33.30+61.99 pg/mL in cyanotic CHD.
Marked individual variability was reflected by the high standard
deviations.
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study groups (M+£SD)

Note. * — statistically significant difference from the control group in
pairwise comparison (p<0.001).
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Table 4.
TNF-a concentration in the study groups (M+SD)

Control Acyanotic Cyanotic
Parameter (n=23) CHD CHD p
- (n=59) (n=31)
TNF-o, | 5 6942 38 | 34.60:£52.84* | 33.30£61.99% | 0.0857
pg/mL

Note. Data are presented as M£SD. p — significance level of the ove-
rall intergroup comparison (one-way ANOVA). Pairwise comparison
by Welch’s test: control vs acyanotic CHD, p=0.00027; control vs
cyanotic CHD, p=0.0298; acyanotic vs cyanotic CHD, p=0.9215. * —
statistically significant difference from the control group (p<0.05).

The overall intergroup comparison for TNF-o did not reach
statistical significance (p=0.0857). Nevertheless, pairwise analysis
using Welch’s test showed higher cytokine concentrations than control
in both acyanotic (p=0.00027) and cyanotic CHD (p=0.0298). No dif-
ference was found between the two forms of the disease (p=0.9215).
Thus, higher TNF-a values and increased CD95" cell counts were
observed in both forms of CHD. Statistical relationships between
individual parameters were assessed separately.

Analysis of the leukocyte—lymphocyte compartment showed
that the most consistent differences concerned the absolute
lymphocyte count. The value was 2723.90+694.25 cells/uL in the
control group, 4346.11+1708.71 cells/uL in acyanotic CHD, and
4433.14+£1961.30 cells/uL in cyanotic CHD (overall p=0.0006). In
pairwise comparisons, the value was higher than control in both CHD
groups (p<0.001 and p=0.0007, respectively), with no difference
between the two forms (p=0.8595).

The relative lymphocyte count was 39.55+9.82% in the control
group, 52.15+13.43% in acyanotic CHD, and 45.09£15.52% in
cyanotic CHD (overall p=0.0019). A statistically significant increase
relative to control was found in acyanotic CHD (p<0.001). Leukocyte
counts were 7.08£1.65, 9.99+11.18, and 9.80+2.79x10°/L, respec-
tively. The overall intergroup difference was not statistically signi-
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ficant (p=0.4034). Pairwise analysis showed a higher value in children
with cyanotic CHD than in controls (p=0.0004). Differences between
the acyanotic group and control (p=0.0910) and between the two CHD

forms (p=0.9132) did not reach statistical significance.

Table 5.
Leukocyte—lymphocyte indices in the study groups (M£SD)
Control Acyanotic Cyanotic
Parameter (n=23) CHD CHD p
~ (n=59) (n=31)

';fg‘;ffytes’ 7.08£1.65 | 9.99+11.18 | 9.80+2.79* | 0.4034
Lymphocytes, % | 39.55+9.82 | 52.15+13.43* [45.09+15.52] 0.0019
Lymphocytes, 2723.90+ 4346.11+ 4433.14+ 0.0006
cells/uL 694.25 1708.71* 1961.30* '

Note. Data are presented as M+SD. p — significance level of the
overall intergroup comparison. * — statistically significant difference
from the control group in pairwise comparison (p<0.05).

In addition, IL-6 concentration was determined in 20 children
with CHD. The mean value was 9.99+8.01 pg/mL, the median was
10.10 pg/mL, and the range of individual values was 1.1-29.4 pg/mL.
The results showed marked variability and were analyzed descripti-
vely, without comparison with the control group and without stratifi-
cation by clinical-hemodynamic form of CHD.

Thus, the examined children with CHD showed a combination
of increased relative and absolute CD95* cell counts, higher TNF-a
concentrations in pairwise comparison with control, and an increased
absolute lymphocyte count. Most of these changes had the same
direction in both forms of the disease. The findings provided the basis
for subsequent analysis of relationships among the studied parameters
and the frequency of their combined abnormalities.

Relationships among immunological, apoptotic, and inflam-
matory indices in children with congenital heart defects

Spearman rank correlation analysis was performed to investigate
relationships among the studied parameters. Analysis of CD95
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associations was conducted in 68 children with CHD for whom paired
data were available. The absolute CD95" cell count positively
correlated with the absolute lymphocyte count (r,=0.481; p<0.001),
leukocyte count (r,=0.469; p<0.001), and absolute HLA-DR* cell
count (r,=0.466; p<0.001). Positive relationships were also identified
with the absolute indices of CD8* (r,=0.383; p=0.001), CD3*
(r,=0.377; p=0.002), CD16/56" (r,=0.333; p=0.006), CD19* (r,=0.298;
p=0.014), and CD4" cells (r,=0.281; p=0.020). Thus, the absolute
CD95* cell count was related to quantitative characteristics of various

lymphocyte subpopulations and the cellular composition of peripheral
blood.

rs = 0.466 X 3 o
p < 0.001 =

2000 1

1500 4

1000 4

CD95*, cells/uL
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0 200 400 600 800 1000 1200 1400
HLA-DR*, cells/uL

Figure 3. Correlation between the absolute counts of CD95 *and
HLA-DR *cells in children with CHD (r,=0.466; p<0.001)
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The relative CD95" cell count showed a different direction of
individual associations. Negative correlations were found with the

relative lymphocyte count (r.=—0.430; p<0.001), the absolute CD4"
(r=-0.419; p<0.001), CD3* (r=-0.377; p=0.002), and CD19" cell
counts (r=—0.326; p=0.007), and the absolute lymphocyte count
(r=—0.309; p=0.010). Positive associations were found with the
absolute CD95* cell count (r,=0.618; p<0.001) and the relative HLA-
DR* cell count (r,=0.250; p=0.040). The different directions of these
correlations emphasize the need for separate interpretation of absolute
and relative indices.

The strongest relationships within the T-cell compartment were
found between the absolute counts of CD3* and CD4* cells (r,=0.946),

CD3* and CD8" cells (r,=0.844), and CD4* and CD8" cells (r,=0.766);
p<0.001 in all cases. The absolute HLA-DR™ cell count positively
correlated with CD8" cells (r,=0.587), lymphocytes (r,=0.581), CD3*

cells (r,=0.523), and CD4" cells (r,=0.438); p<0.001 in all cases. No
statistically significant correlation between CD95 and TNF-o was
found in the final sample (p>0.05). Therefore, although both para-
meters were increased relative to control, this was not accompanied by
statistically confirmed concordance of their individual values in
children with CHD. The identified cellular correlations characterize
statistical associations and do not establish causal relationships.

Comprehensive assessment of combined abnormalities in
the studied parameters

The comprehensive analysis was performed in 68 children
with CHD who had a complete set of six parameters: relative and
absolute CD95* cell counts, TNF-a, relative HLA-DR™ cell count,
leukocyte count, and absolute lymphocyte count. Research
thresholds were determined from the distribution of control-group
values. The 95th percentile was used for CD95%, absolute CD95*
count, TNF-a, leukocyte count, and absolute lymphocyte count; the
5th percentile was used for HLA-DR%. These thresholds were
applied exclusively for comparative characterization of combined
abnormalities.
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Table 6.
Frequency of altered immunological, inflammatory, and apoptotic
indices in children with CHD

Parameter Criterion of N %
change
CD95", % >12.0% 49 72.1
CD95*, absolute | o/ 0:85 62 91.2
cells/ulL
TNF-a >11.6 pg/mL 60 88.2
HLA-DR*, % <5.0% 14 20.6
Leukocytes >9.91x10°/L 22 32.4
Lymphocytes, >3438
absolute cells/uL 44 64.7

Values above the research threshold were most frequently
observed for the absolute CD95" cell count — in 62 children (91.2%)
—and TNF-a— in 60 children (88.2%). An increased relative CD95*
cell count was found in 49 children (72.1%), an increased absolute
lymphocyte count in 44 (64.7%), and an increased leukocyte count in
22 (32.4%). A relative HLA-DR* cell count below the established
threshold was identified in 14 children (20.6%). Simultaneous
alteration of four or more of the six parameters was found in 55.9% of
the examined children. The frequency of this combination was 45.7%
in acyanotic CHD and 77.3% in cyanotic CHD. The difference was
statistically significant (p=0.019; Fisher’s exact test).

Thus, the comprehensive analysis showed that a substantial
proportion of children with CHD had simultaneous alterations in
several immunological, inflammatory, and apoptotic parameters. The
combined abnormalities were more frequent in cyanotic CHD. These
findings complement the clinical and laboratory characterization of
the baseline condition of the examined children; however, the applied
research thresholds and the criterion of combined abnormalities are
not independent diagnostic or prognostic tools.
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Figure 4. Frequency of combined alteration of four or more

1.

of the six studied parameters in children with acyanotic
and cyanotic CHD

Conclusions

In children with CHD, the absolute counts of the major
lymphocyte subpopulations were predominantly increased:
CD3* (p=0.0130), CD4* (p=0.0273), CD8" (p=0.0321), CD19*
(p=0.0072) and CD16/56" (p=0.0190), whereas most relative
parameters and the CD4/CD8 ratio showed no significant
changes. In cyanotic CHD, the relative count of HLA-DR™ cells
was lower than in controls — 7.1844.09% versus 9.90+4.18%
(p=0.0397) [9, 11, 13, 14].

2. In both forms of CHD, the relative and absolute counts of CD95*

cells were increased (p<0.001). TNF-a levels were also higher
than control values in pairwise comparisons: 34.60+52.84
and 33.30+61.99 versus 7.89+2.38 pg/mL (p=0.00027 and
p=0.0298, respectively). No significant differences were found
between the acyanotic and cyanotic forms. [1-3, 7-9, 11, 12].
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3. In children with CHD, an increase in the absolute lymphocyte
count (p=0.0006) and differences in the relative lymphocyte
count (p=0.0019) were observed. In cyanotic CHD, the
leukocyte count was higher than in controls (p=0.0004). In 20
children with CHD, the IL-6 level was 9.9948.01 pg/mL and was
assessed descriptively. [5, 8, 10, 13, 14].

4. Acyanotic and cyanotic CHD were characterized predominantly
by changes in the same direction. Changes in >4 of 6 parameters
were detected in 77.3% of children with cyanotic CHD and in
45.7% of those with acyanotic CHD (p=0.019). [9-11, 14,15].

5. Strong positive correlations were found between CD3* and CD4*
(r,=0.946), CD3* and CD8" (r,=0.844), and CD4* and CD8*
(r.=0.766; p<0.001). The absolute CD95* cell count correlated

with lymphocytes, leukocytes and HLA-DR* cells (r,=0.466—
0.481; p<0.001); no significant relationship was found between
CD95" and TNF-a. [9, 11, 12].

PRACTICAL RECOMMENDATIONS

1. When assessing immune status in children with CHD, it is advi-
sable to consider together the absolute and relative counts of
CD3*, CD4*, CD8", CD19*, and CD16/56" cells, the CD4/CD8
index, and HLA-DR indices, because the identified differences
predominantly involve absolute cell counts.

2. Within an expanded clinical and laboratory assessment, determi-
nation of CD95 and TNF-o. may complement the characteri-
zation of apoptotic regulation and the inflammatory response.
The results should be interpreted together with clinical data and
should not be used as independent diagnostic or prognostic
criteria.

3. Interpretation of the studied parameters should take into account
the clinical-hemodynamic form of CHD and the possibility of
combined abnormalities, which were more frequently identified
in cyanotic defects. The applied parameter thresholds and the
criterion of >4 of 6 abnormalities should be used exclusively for
research comparison.
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LIST OF ABBREVIATIONS

CHD — congenital heart defects

CD — Cluster of Differentiation

CD3 — general T-lymphocyte marker

CD4 — T-helper cells

CD8 — cytotoxic T lymphocytes

CD16/56 — marker of natural killer (NK) cells
CD19 — B-lymphocyte marker

CD95 (Fas) — apoptosis receptor

ELISA — Enzyme-Linked Immunosorbent Assay
HLA-DR — Human Leukocyte Antigen-DR

IL-6 — interleukin-6

IRI — immunoregulatory index

Leu — leukocytes

NK — Natural Killer cells

SD — Standard Deviation

SPSS — Statistical Package for the Social Sciences
TNF-a — Tumor Necrosis Factor-alpha

WHO — World Health Organization
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