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ALTERED EXPRESSION OF GENES RELATED
TO INFLAMMATION AND COAGULATION

IN PERIPHERAL BLOOD MONONUCLEAR CELLS
OF PATIENTS WITH SEVERE COVID-19

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the virus that causes coronavirus disease 2019
(COVID-19), the respiratory illness responsible for COVID-19 pandemic. Hyperinflammation and coagulopathy con-
tribute to disease severity and death in patients infected with SARS-CoV-2. Gene expression analysis in peripheral
blood mononuclear cells (PBMCs) is valuable to evaluate disease-associated and drug-response related genes. Aim.
In this study, we aimed to investigate the expression of genes related to inflammation and coagulation in PBMCs of
patients with severe COVID-19. Methods. The gene expression in PBMCs (52 patients with severe COVID-19 and
59 healthy volunteers) was determined by RT-gPCR. Results. Ouverexpression of the OAS1, RNASEL, MXI,
EIE2AK2, IL8, IL6, IL10, F5 genes and downexpression of the CD4 gene were found out in the PBMCs of SARS-
CoV-2 infected patients compared to the healthy volunteers. Using the ROC curve, we found the genes with excellent
(IL10, EIF2AK2, F5) and with good (FN1, MX1, RNASEL) diagnostic AUC, .. Conclusions. The results of this
study designated the genes in PBMCs that can be potential candidate biomarkers for diagnosis of SARS-CoV-2-in-
duced hyperinflammation, hypercoagulation, and the evaluation of therapy effectiveness for the patients with severe
COVID-19.
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Introduction

Severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) is the virus that causes coronavirus
disease 2019 (COVID-19), the respiratory illness
responsible for an ongoing global COVID-19 pan-
demic [1]. The clinical course of COVID-19 varies
from mild symptoms to acute respiratory distress
syndrome, hyperinflammation, and coagulation
disorder [2]. The patients with COVID-19 have a
high risk of developing blood clots (thrombosis)
mainly in their lungs, which leads to higher mor-
tality rate [3]. Thus, of April 2024, the SARS-CoV-
2-related mortality rate was 7,0 million people
worldwide (https://www.worldometers.info/coro-
navirus/).

Currently, the main SARS-CoV-2 interventions
are vaccines. Vaccines reduce the risk of COVID-19,
including the risk of severe illness and death among
people who are fully vaccinated. Vaccine effective-
ness against hospitalizations has remained relative-
ly high over time, although it tends to be slightly
lower for older adults and for people with wea-
kened immune systems. (https://www.cdc.gov/
coronavirus/2019-ncov/vaccines/effectiveness/
work.html). However, unvaccinated people, older
adults, and people with weakened immune systems
remain at risk of COVID-19 and will require effec-
tive treatment. An early diagnosis of SARS-CoV-
2-induced dysregulation in the immune system
would allow doctors to select effective therapy for
patients and monitor the effectiveness of their
treatment.

The hematopoietic system plays a key role in the
observed hyperinflammation and coagulation dis-
order in COVID-19 ill patients [4]. Biochemical
monitoring of inflammation and coagulation state
in COVID-19 patients can be performed using fol-
lowing laboratory tests: C-reactive protein, eryth-
rocyte sedimentation rate, lymphocyte count,
D-dimer, prolonged prothrombin time [5—8].
However, diagnosing and assessing the effective-
ness of treatment of the patients with severe
COVID-19 using biochemical laboratory tests re-
quires frequent and large blood sample collections,
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which can develop hospital-acquired anemia in
patients [9—12]. Moreover, the D-dimer test does
not always detect microthrombosis [13], which is a
prominent clinical feature of COVID-19 and
91.3% of deceased patients had microthrombosis
in the capillaries of the lungs, heart, or other or-
gans [15—16]. The volume of microthrombi is
small compared to massive venous thromboses, so
the amount of fibrin degradation products enter-
ing the systemic circulation may not be sufficient
to increase D-dimer [13] significantly. There were
also identified the cases of COVID-19-induced
thrombosis with a slight increase or within the
normal range of D-dimer [17, 18]. Therefore, the
search for new candidate biomarkers for diagnos-
ing SARS-CoV-2-induced immune dysregulation
(hyperinflammation and hypercoagulation) and
evaluating therapy for the patients with severe
COVID-19 is relevant.

Gene expression analysis in peripheral blood
mononuclear cells (PBMCs) is valuable to evaluate
the disease-associated [19—22] and drug-response
related genes [23]. Additionally, gene expression
analysis enables the determination of multiple
genes in a single blood sample. In this study, we
investigated the expression of genes related to in-
flammation and coagulation in PBMCs of the pa-
tients with severe COVID-19. In current research,
we found overexpression of the OAS1, RNASEL,
MXI1, EIE2AK2, IL8, IL6, IL10, F5 genes and
downexpression of the CD4 gene in PBMCs of the
patients with severe COVID-19. ROC analysis of
the expression data identified the EIF2AK?2, IL10,
RNASEL, MX1 F5, FNI genes in PBMCs that clas-
sify SARS-CoV-2-infected and healthy patients
with good accuracy and that can be potential bio-
markers of hyperinflammation and hypercoagula-
tion in the patients with severe COVID-19.

Materials and Methods
Sample collection, processing and storage

Whole blood samples of the patients with severe
COVID-19 (COVID-19 group, n = 52) were col-
lected by the Center for Public Health of the Min-
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istry of Health of Ukraine (Kyiv, Ukrainian). All
patients had acute respiratory symptoms and were
positive for SARS-CoV-2 by a specific qPCR test.
Control group was whole blood samples of the
healthy volunteers (n = 59) that were collected by
Feofaniya Clinical Hospital (Kyiv, Ukraine). Sam-
pling was conducted in accordance with the Hel-
sinki declaration and approved by the Ministry of
Health of Ukraine in agreement of the Center for
Public Health with Institute of Molecular Biology
and Genetics, National Academy of Sciences of
Ukraine.

Whole blood samples were collected into EDTA
tubes (Vacusera, Turkey) to prevent blood clot-
ting. PBMCs were extracted from the buffy coat by
centrifugation of the whole blood sample at
2000 rpm for 15 min at +4 °C. TRI-Reagent (Zymo
Research, USA) was added to extracted PBMCs
(1:3) to prevent RNA degradation and mixed well
using Vortex. The PBMCs samples were stored im-
mediately at -80 °C.

Real-Time gPCR Assay

Total RNAs were extracted from PBMCs samples by
using a Direct-zol RNA Miniprep Plus (Zymo Re-
search, USA), according to the protocol suggested
by the manufacturer. RNA integrity was analyzed in
the Microchip electrophoresis system (MCE-202/
MultiNA SHIMADZU, Germany) by using a RNA
reagent kit for MultiNA (SHIMADZU, Germany),
SYBR Green II RNA gel stain (Life Technologies,
USA) ta RNA 6000 Ladder (Life Technologies,
USA)). Total RNAs were quantified spectrometri-
cally,and RNA purity was assessed by the 260/280 nm
ratio on a MaestroNano Pro Micro-Volume MN-
913 spectrophotometer (MAESTROGEN, Taiwan).

cDNA was synthesized from every total RNA
sample by using a Maxima First Strand cDNA Syn-
thesis Kit for RT-qPCR (Thermo Scientific, USA).
Reverse transcription was conducted using 1 ug
total RNA per sample and the protocol included
incubating for 10 min at 25 °C followed by 120 min
at 50 °C. Terminate the reaction by heating at 85 °C
for 5 min.
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mRNA levels of the studied genes were quantified
by a Thermal Cycler CFX96 Real-Time system
(BIO-RAD, Singapore) using a HOT FIREPol Eva-
Green qPCR Mix Plus (Solis BioDyne, Estonia).
Human cDNA was amplified with the gene-specific
primers (Table 1). The primers sequenced were de-
signed on GenBank database and were synthesized
(Invitrogen, USA). Average fold change values were
determined by the 2*“) method [24]. The mRNA
level of all investigated genes were normalized to
TBP mRNA as a control and expression of TBP
mRNA was taken as 100 expression units. The data
were presented as mean +SD.

Statistical analysis

The Mann-Whitney U test and ROC curve were
performed in Prism version 8.0.1. (GraphPad, La
Jolla, CA) for independent data samples. The nor-
mality of the distribution was checked according
to the Shapiro-Wilk test [25].

Results and Discussion

Altered expression of the investigated
genes in PBMCs of patients
with severe COVID-19

Dysregulation of the immune system can lead to
an inappropriate local and systemic immune res-
ponses and subsequently the rapid spread of the
virus, leading to severe COVID-19 disease. There-
fore, recognizing and improving the immune sys-
tem disorder should always be part of the diagno-
sis and treatment protocols of patients with
COVID-19 [26]. Therefore, analysis of the gene
expression profiles of peripheral blood cells can
help us to understand a patient’s condition [27—
28] and can be potentially a novel tool for the diag-
nosis of immune system disorder in the patients
with severe COVID-109.

During this research, the goal was to select a
small number of genes that could be used for a di-
agnostic panel describing the patient’s condition.
At first in our study, we analyzed the mRNA ex-
pression of the IL6, IL8, IL10, IL10RB, IL18, TNFa,
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Table 1. Sequences of primers used for RT-qPCR

Gene Primer Sequence (5 > 3’)
IL6 Forward GATTCAATGAGGAGACTTGCC
(interleukin 6) Reverse TGTTCTGGAGGTACTCTAGGT
IL8 Forward ACTCCAAACCTTTCCACCC
(interleukin 8) Reverse CAATAATTTCTGTGTTGGCGC
IL10 Forward AAGACCCAGACATCAAGGC
(interleukin 10) Reverse AAGAAATCGATGACAGCGC
ILIORB Forward AACAACCCATGACGAAACG
(interleukin 10 receptor, beta) Reverse TCTTGTAAACGCACCACAG
IL18 Forward TGACCAAGTTCTCTTCATTGAC
(interleukin 18) Reverse GGTGCATTATCTCTACAGTCAG
TNFa Forward CTCTAATCAGCCCTCTGGC
(tumor necrosis factor alpha) Reverse GAGGGTTTGCTACAACATGG
CCL4 Forward AGCTGTGGTATTCCAAACC
(chemokine (C-C motif) ligand 4) Reverse TCATACACGTACTCCTGGAC
CXCLI10 Forward ACGTGTTGAGATCATTGCT
(chemokine (C-X-C motif) ligand 10) Reverse AAATTCTTGATGGCCTTCGA
CD4 Forward CCTCCTGCTTTTCATTGGGCTAG
(T-cell surface glycoprotein CD4) Reverse TGAGGACACTGGCAGGTCTTCT
CD80 Forward CACTTCTGTTCAGGTGTTATCC
(CD80 molecule) Reverse AACAGAAACATTGTGACCACAG
IFNa2 Forward TCCATGAGATGATCCAGCAG
(interferon alpha 2) Reverse CAAGCAGCAGATGAGTCCT
IFNB1 Forward GATTCCTACAAAGAAGCAGCA
(interferon beta 1) Reverse CTCCCATTCAATTGCCACAG
OAS1 Forward TCCAAGGTGGTAAAGGGTG
(2’-5’ oligoadenylate synthetase 1) Reverse TGAGGAAGACAACCAGGTC
OAS3 Forward AAACTGTCAAGGGAGGCTC
2-5 oligoadenylate synthetase 3) Reverse AGCAGTCGAGGAAGATGAC
RNASEL (2’-5’ -oligoisoadenylate synthetase- Forward ATCTAGAGGACCTTGGACG
dependent ribonuclease L) Reverse TACTTTGAGCTTTCAGATCCTC
EIF2AK?2 (eukaryotic translation initiation factor Forward ACATACCGTCAGAAGCAGG
2-alpha kinase 2) Reverse GAAATGTAAACCTCCTATCATGTGG
MX1 Forward TAATAAAGCCCAGAATGCCA
(MX dynamin-like GTPase 1) Reverse TTAGAGTCAGATCCGGGAC
ARG2 Forward ACAATACAGGGTTGCTATCAG
(arginase type 1I) Reverse TAGTCTTCGCCTCTTCCTC
NOS2 Forward ATGACCTTCAGTATCACAACCT
(nitric oxide synthase 2, inducible) Reverse CTGGAGACTTCTTTCCCGT
XDH Forward GGACAGTTGTGGCTCTTGAGGT
(xanthine dehydrogenase) Reverse GGAAGGTTGGTTTTGCACAGCC
F5 Forward FGCCAGACCTTGCTGGAAAATGG
(coagulation factor V) Reverse CCAACCTCTGTGTTTAGGAGCC
F10 Forward TGG TGG AAC CAT TCT GAG CGAG
(coagulation factor X) Reverse CGGTTG TGC TTG ATG ACC ACCT
FN1 Forward ACAACACCGAGGTGACTGAGAC
(fibronectin 1) Reverse GGACACAACGATGCTTCCTGAG
TBP Forward TGTATCCACAGTGAATCTTGGTTG
(TATA-box binding protein) Reverse GGTTCGTGGCTCTCTTATCCTC
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Fig. 1. The mRNA level of studied genes in PBMCs of patients with severe COVID-19: Control (left box on
each box chart) — a group of healthy volunteers, n = 20; COVID-19 (right box on each box chart) — a group
of patients with severe COVID-19, n = 20: * — P < 0.05 vs Control; ** — P < 0.01 vs Control; *** — P < 0.001
vs. Control; **** — P < 0.0001 vs. Control; ns — statistically not significant vs. Control; REU — relative expres-

sion units

CCL4, CXCL10, CD4, CD80, OASI, OAS3,
RNASEL, MX1, EIF2AK2, IFNa2, IFNBI, ARG2,
NOS2, XDH, F5, F10, FNI genes in a small study
groups (Control group n = 20 and COVID-19
group n = 20) (Fig. 1). Increased mRNA level of
the IL8 (P < 0.05), IL10 (P < 0.001), TNFa
(P<0.0001), CD80 (P <0.0001), OASI (P <0.0001),
OAS3 (P < 0.01), RNASEL (P < 0.0001), MX1
(P < 0.0001), EIF2AK2 (P < 0.0001), ARG2
(P < 0.05), F5 (P < 0.001), F10 (P < 0.01), FNI
(P < 0.05) genes was found in PBMCs of the pa-
tients with severe COVID-19 group compared to
the control group. Therefore, based on the research
results, we selected the IL8, IL10, TNFa, OASI,
RNASEL, MX1, EIF2AK2, F5, FN1 genes to con-
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tinue investigation of the mRNA expression of
genes in a larger study groups (control group
n =59 and COVID-19 group n = 52). Despite the
fact that the mRNA level of the IL6, CD4 genes re-
mained unchanged in PBMCs of the patients of
COVID-19 group (n = 20) compared to the con-
trol group (n = 20) we decided to continue stud-
ding expression of this genes because they
are promising biomarker considering the litera-
ture [29].

Hyperinflammatory state of the patients with
severe COVID-19, which contributes to the occur-
rence of fatal complications and poor prognosis, is
associated with the uncontrolled release of cy-
tokines [30—31]. Up-regulated mRNA level of
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Fig. 2. The mRNA level of the IL6, TNFa, IL8, IL10, OAS1, RNASEL, MX1, EIF2AK2, CD4, F5 and FN1 genes in PBMCs
of the patients with severe COVID-19: Control (left box on each box chart) — a group of healthy volunteers, n = 59;
COVID-19 (right box on each box chart) — a group of patients with severe COVID-19, n = 52: ** — P < 0.01 vs Control;
*** — P <0.001 vs. Control; **** — P < 0.0001 vs. Control; ns — statistically not significant vs. Control; REU — relative

expression units

cytokines IL8 (P < 0.01), IL6 (P < 0.01), ILIO
(P < 0.0001) was found in PBMCs of the patients
of COVID-19 group (n = 52) compared to the con-
trol group (n = 59) (Fig. 2). However, the relative

expression of the TNFa gene remained statistically
unchanged in the patients with severe COVID-19
compared to the control group. Cytokine overpro-
duction causes the antiviral state of the cell by
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stimulating the expression of thousand genes,
which are known as interferon-stimulated genes
(OAS/RNase L system, MX1 protein and PKR)
[32—33]. The mRNA levels of OASI (P < 0.0001),
RNASEL (P < 0.0001), MX1 (P < 0.0001), EIF2AK?2
(P < 0.0001) in PBMC:s of the patients with severe
COVID-19 (n = 52) were increase in compared to
the control group (n = 59) (Fig. 2). Overexpression
of the OASI, RNASEL, MX1, EIF2AK?2, IL8, IL6,
IL10 genes induced by SARS-CoV-2 in PBMCs in-
dicates the hyperinflammation state in the patients
with severe COVID-19 [31].

Virus-induced dendritic cells migrate to regio-
nal lymph nodes, activating cytotoxic (CD8+),
helper (CD4+) T, and rare memory T cells, which
are able to induce an adaptive immune response at
respiratory infection [34]. Both lymphocytosis
and lymphopenia were found to be associated
with SARS-CoV-2 [35—37]. While lymphocytosis
indicates an active anti-viral response, lymphope-
nia is a sign of poor prognosis [38]. CD4 is a gly-
coprotein that high expressed on CD4 T helper
cells and expressed at lower levels on monocytes
and some neutrophils [39—41]. We found out
downregulation of the CD4 mRNA level (P <
0.001) in the PBMC:s of patients with severe COV-
ID-19 (n = 52) compared to the control group (n =
59) (Fig. 2). Decreased CD4 expression in the PB-
MCs can be associated with lymphopenia and the
CD4 gene can be potential biomarker to indicate
lymphopenia in the patients with COVID-19.

The patients with COVID-19 have a higher risk
of developing blood clots, mainly in the lungs,
which is associated with higher mortality [42]. The
~70% of COVID-19 patients, who died, had dis-
seminated intravascular coagulation [43]. The
blood clots can be in both venous and arterial cir-
culations, and in small blood vessels. Hypercoagu-
lable state in the patients with COVID-19 has been
confirmed in a number of studies that have shown
higher levels of D-dimer, fibrinogen, and fibrino-
gen breakdown products [5], prolonged prothrom-
bin time, international normalized ratio, and
thrombin time in the SARS-CoV-2 infected pa-
tients [31]. Overexpression of the F5 and FNI
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genes (P < 0.0001) was found in the PBMCs of pa-
tients with severe COVID-19 (n = 52) compared to
a group of healthy volunteers (n = 59) (Fig. 2). Up-
regulation the F5 and FNI genes may indicate an
increased coagulation state in the patients with se-
vere COVID-19 [5—6].

Receiver operating characteristics (ROC)
curves and potential biomarkers

The ability of biomarkers to predict a disease is
commonly evaluated using ROC curves. Therefore,
we assessed the accuracy and reliability of the po-
tential gene biomarkers to detect SARS-CoV-2-in-
duced hyperinflammation, hypercoagulation, and
lymphopenia, plotting ROC curves and calculated
AUCs with a 95% confidence interval. The diagnos-
tic parameter of ROC analysis is the area under the
ROC curve (AUC, ) [44]. Among the investigated
genes, ROC-analysis of relative gene expression in
PBMC:s of patients with severe COVID-19 revealed
an excellent diagnostic AUC . for the IL10
(AUC,. = 0.91), EIE2AK2 (AUC, = 0.9), and F5
(AUC,,. = 0.95) genes (Fig. 3). Besides, FNI
(AUC, . = 0.86), MX1 (AUC,. = 0.78), RNASEL
(AUC,. = 0.85) could also be predictive biomar-
kers. The AUCs of IL6 (AUC,,. = 0.67), IL8
(AUC,. = 0.67), OAS1 (AUC, . = 0.71), CD4
(AUC, . = 0.68) genes were less than 0.75 indicat-
ing their low diagnostic value. The obtained results
of the pre-screening suggest that the IL10, EIF2AK?2,
MX1, RNASEL genes can be promising candidate
biomarkers to indicate hyper-cytokinemia and the
F5, FNI genes — hypercoagulable state in the pa-
tients with severe COVID-109.

Conclusions

This study identified nine genes (IL6, IL8, IL10,
OASI1, RNASEL, MX1, EIF2AK2, F5, FNI) that are
expressed at higher levels and the downexpressed
CD4 gene in the PBMC:s of the patients with severe
COVID-19 compared to the healthy volunteers. We
demonstrated the genes with the excellent (IL10,
EIF2AK2, F5) and good (FNI, MXI, RNASEL)
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diagnostic AUC, .. Overall, our results of pre-
screening are an important first stage towards iden-
tifying candidate biomarkers in the PBMCs for the
diagnosis of hyperinflammation and hypercoagu-
lation of the patients with severe COVID-19.
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3MIHEHA EKCIIPECIS T'EHIB ITOB’SI3AHMX I3 3AITAJIEHHSIM
TA KOATYJIALIIEIO B MOHOHYK/IEAPHMX KJIITUHAX ITEPYOEPINTHOT
KPOBIITAIIIEHTIB 3 BAXXKVM ITIEPEBITOM COVID-19

TsoxKuit rocTpmit pecnipaTopHuil cuHApoM KopoHasipycy 2 (SARS-CoV-2), Bipyc, 0 cpU4MHAE KOPOHABIPYCHY
xBopoby 2019 (COVID-19), pecipatopHe 3aXBOpIoBaHHS, 110 BifnoBigae 3a mangemito COVID-19. lnepsananeHus
Ta KOAry/Ionarii CIpuAIOTD TSXKKOCTI 3aXBOPIOBAHHA Ta CMepTi NMalieHTiB, indikopanux SARS-CoV-2. AHais excrpe-
cii reHiB y MOHOHYK/IeapHUX KniTHax nepudepuunoi kposi (MKIIK) € 1jiHHMM [/14 OLIiHKM TeHiB, IOB>A3aHNUX i3 3a-
XBOPIOBAaHHAM Ta peaklii€lo Ha niku. Mema. Y 1IboMy HOCHTiI>KeHHI MM Majy Ha MeTi JOCHiJUTY eKCIpPecilo reHiB,
HOB>A3aHUX i3 3amaeHHAM Ta koarynieto y MKIIK nmanientis 3 roctpoio popmoro COVID-19. Memoou. Excrpecito
reniB y MKIIK (52 nanienris 3 Tsxkoro ¢popmoro COVID-19 ta 59 310poByx f0OPOBOJIBIIB) BU3HAYA/IN 3 LOIIOMO-
roro RT-qPCR. Pesynvmamu. Busasnerno Hagmipny excnpecito OAS1, RNASEL, MX1, EIE2AK2, IL8, IL6, IL10, F5 renis
Ta 3HIDKeHy ekcrpecito rena CD4 y MKIIK nanientis, indikoBanux SARS-CoV-2, nopiBHAHO 31 350poBUMHU K0OPO-
BobLsAMU. Bukopucrosyroun ROC-kpuBy, My BusABWIM renu 3 BigminauM (IL10, EIF2AK2, F5) ta 3 nobpum (FNI,
MX1, RNASEL) piarnoctiananm AUC, | . Bucnosku. Pesynbraru 11poro focnipkeHHs BKasyoTh Ha renu B MKIIK, saki
MOXXYTb OYTM MOTEHLIIHUMY KaHAMAATaMy Ha 6ioMapKepy [/IA HiarHOCTUKU Tillep3anajeHHs, rilepKoaryiauii, Bu-
xkaHux SARS-CoV-2, Ta oninku eeKTUBHOCTI Tepamii y manieHTis 3 TsxkuM nepedirom COVID-19.

Knwouosi cnosa: SARS-CoV-2, MKIIK, excnpecii renis, rinepsananeHnHs, Koary/onarii.
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