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Summary.

Introduction. Severe COVID-19 cases are characterized by a complex interaction involving viral-induced cellular
damage, immune system imbalances, endothelial impairment, and inflammation-driven blood clotting. This article
provides a comprehensive overview of the key pathophysiological mechanisms, it underscores the critical importance
of inflammatory biomarkers in the diagnostic process, prognostic stratification, and therapeutic guidance. Understanding
the relationship between these mechanisms and specific biomarkers facilitates a more personalized approach to managing
critically ill patients with COVID-19.

Aim og the article. The aim of this article is to provide a comprehensive and up-to-date review of the immune-
related pathophysiological mechanisms underlying severe forms of COVID-19, with a particular focus on the diagnostic,
prognostic, and therapeutic relevance of inflammatory biomarkers. By integrating recent clinical and molecular evidence,
the paper seeks to highlight how these biomarkers can support early risk stratification and guide personalized therapeutic
strategies, ultimately contributing to improved outcomes in critically ill patients.

Material and Methods. The review was carried out through a systematic and extensive search of the specialized
literature published between January 2020 and May 2025, using relevant databases (PubMed, Scopus, Web of Science,
Google Scholar). Search terms such as: “severe COVID-19”, “inflammatory biomarkers”, “cytokine storm”, “immune
dysregulation”, “CRP”, “IL-6”, “TNF-a”, “ferritin”, “D-dimer”, “RAAS”, “ARDS”, “NETs”, “endothelial dysfunction”
were included. The included studies were selected based on the criteria of quality, thematic relevance, methodological
validity and clinical applicability. Non-scientific articles, pediatric cases, commentaries and papers published in languages
other than English were excluded. The selected articles were grouped by major themes: pathogenesis, biomarker
classification, clinical utility and prognostic value.

Results. The results of the analysis highlight that the severity of COVID-19 is determined by a complex interaction
between endothelial dysfunction, excessive immune activation, RAAS imbalance and hypercoagulability. These
mechanisms lead to systemic inflammation, immunothrombosis and multisystemic damage, especially pulmonary, renal,
cardiac and neurological. The identified biomarkers — such as IL-6, CRP, D-dimer, TNF-q, ferritin and CXCL10 — reflect
these processes and allow a dynamic assessment of the severity of the disease. Clinical studies have demonstrated that
increased levels of these markers correlate with high mortality and variable therapeutic response. The use of biomarkers
in guiding immunotherapy has shown significant benefits in prognosis and individualization of treatment.

Keywords: severe COVID-19, inflammatory biomarkers, chemokine, ARDS, immune dysregulation, tocilizamab.

Rezumat. Reviu asupra imunopatofizologiei si biomarkerilor inflamatori in formele severe de COVID-19. De
la mecanisme la aplicatii clinice.

Introducere. Formele severe de COVID-19 se caracterizeaza printr-o interactiune complexa ce implicé deteriorarea
celulara indusa de actiunea virusului, dezechilibre ale sistemului imunitar, afectarea endoteliului vascular si coagularea
sanguind determinatd de inflamatie. Acest articol oferd o prezentare comprehensivad a principalelor mecanisme
fiziopatologice, evidentiind importanta cruciala a biomarkerilor inflamatori in procesul de diagnostic, stratificarea
prognosticului si ghidarea terapeutica. intelegerea relatiei dintre aceste mecanisme si biomarkerii specifici permite o
abordare mai personalizata in managementul pacientilor cu COVID-19 in forme critice.

Scopul articolului. Scopul acestui articol este de a realiza o sintezd ampla si actualizatd a mecanisme de
imunopatogeneza implicate in formele severe de COVID-19, punand accent pe identificarea si aplicabilitatea clinica a
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biomarkerilor inflamatori. Articolul urmareste sa evidentieze modul In care acesti biomarkeri pot fi utilizati n diagnostic,
prognostic si ghidarea terapiei personalizate, contribuind astfel la optimizarea tratamentului pacientilor critici si la
reducerea mortalitatii asociate cu infectia SARS-CoV-2.

Materiale si metode. Acest reviu a fost realizat prin cautarea sistematica si ampla a literaturii de specialitate publicata
in perioada ianuarie 2020 si mai 2025, utilizand baze de date relevante (PubMed, Scopus, Web of Science, Google Scholar).
Au fost inclusi termeni de cautare precum: “COVID-19 sever”, “biomarkeri inflamatori”, “furtuna citokinica”, “disfunctie
imuna”, “CRP”, “IL-6”, “TNF-a”, “feritina”, “D-dimer”, “RAAS”, “ARDS”, “NETs”, “disfunctia endoteliala”. Studiile
incluse au fost selectate pe baza criteriilor de calitate, relevanta tematica, validitate metodologica si aplicabilitate clinica.
Au fost excluse articolele non-stiintifice, cazurile pediatrice, comentariile si lucrarile publicate in alte limbi decat engleza.
Articolele selectate au fost grupate pe teme majore: patogenia, clasificarea biomarkerilor, utilitatea clinica si valoarea
prognostica.

Rezultate. Rezultatele analizei evidentiazd faptul ca severitatea COVID-19 este determinatid de o interactiune
complexa intre disfunctia endoteliald, activarea imuna excesiva, dezechilibrul RAAS si hipercoagulabilitate. Aceste
mecanisme conduc la inflamatie sistemica, imunotromboza si afectare multisistemica, in special pulmonara, renala,
cardiaca si neurologica. Biomarkerii identificati — precum IL-6, CRP, D-dimer, TNF-q, feritina si CXCL10 — reflecta
aceste procese si permit o evaluare dinamica a severitatii bolii. Studiile clinice au demonstrat ca nivelurile crescute ale
acestor markeri se coreleaza cu mortalitatea ridicata si raspunsul terapeutic variabil. Utilizarea biomarkerilor in ghidarea
imunoterapiei a demonstrat beneficii semnificative n prognostic si individualizarea tratamentului.

Cuvinte cheie: forme severe de COVID-19, biomarkeri inflamatori, chemokine, ARDS, disfunctie imuna, tocilizumab.

Pesrome. O030p MMMYHONaTO(QU3NOJOTHH M BOCHAJIUTENBHBIX OHMOMAPKEPOB IPH THXKeJbIX (opmax
COVID-19. OT MexaHN3MOB K KJIMHUYEeCKHM NPHUMEHEeHHUsIM.

Beenenmne. Tsoxensie Qopmber COVID-19  xapakTepu3yloTcs CIOKHBIM —B3aUMOJICHCTBHEM, BKJIFOYAIOIINM
BUpPYC-MHIYIIMPOBAHHOE KJIETOYHOE TOBPEXICHUE, ANCOATaHC MMMYHHOH CHCTEMBI, SHJIOTEIHAJIbHbIC HApYIICHHS
U BOCHAJMTENIHLHO-00yCIOBICHHOE TpoMOooOpa3oBanue. JlaHHas crarThsi MpPENCTaBIsieT BCECTOPOHHHMH 0030p
KIIFOYEBBIX  MAaTO(QHU3HOJOTMYECKUX  MEXaHW3MOB, IIOJUEPKUBAas KPUTHYECKYI0 BXKHOCTh  BOCHAJIMTEIBHBIX
OroMapKkepoB B JIMarHOCTUYECKOM IIPOIEcCe, MPOrHOCTUYECKOH CTpaTH(UKAIMU M TEPareBTHYECKOM PYKOBOJICTBE.
[TonumaHue B3aUMOCBSI3M MEXIY ITUMH MEXaHM3MaMH M CHenu(pHYecKMMH OMOMapKepaMu crocoOcTByeT Oosee
TIEPCOHATM3UPOBAHHOMY TTOJIXOLY K BEICHHIO KpUTHYECKH 00JBHBIX manueHToB ¢ COVID-19.

Heanb crarbu. Lens HacTosIel paboThl — BCECTOPOHHUI aHAIM3 KMMYHOIIATOJIOTHYECKUX POLIECCOB, JIEIKAIHX
B ocHoBe TskENbIX popm COVID-19, ¢ akieHTOM Ha KIMHUYECKYI0 3HAYMMOCTh BOCHAJIHMTENILHBIX OnomapkepoB. Ha
OCHOBE CHHTE3a COBPEMEHHBIX HAYYHBIX JJAHHBIX CTaThsl PACCMAaTPHUBAET, KAKMM 00pa3oM HCIIOIb30BaHNEe OMOMapKepoB
MOYKET CIIOCOOCTBOBATh MHANBU/IYAIH3ALUH TEPAITMH U YITyUYIICHHUIO IIPOTHO3a Y TTAIMEHTOB B KPUTHYECKOM COCTOSTHHH.

Marepuanst U Metoabl. O030p OBII TNPOBENEH IMOCPEACTBOM CHCTEMAaTH4YECKOro M OOIIMPHOTO ITOHMCKA
CICIMATM3UPOBAHHON JTIUTEPATyPhl, OMyOIUKOBaHHON Mexny siHBapeM 2020 u maem 2025 roma, ¢ HCIOIb30BAHUEM
cootBercTBytOIMX Oa3 manHbIX (PubMed, Scopus, Web of Science, Google Scholar). beuin BKJIFOYCHBI MOMCKOBBIC
TEPMUHBI, Takhe Kak: « Tsokeibie Gpopmbl COVID-19y», «BocmaiuTeNbHbIE OHMOMApPKEPhDy, IIUTOKHHOBBIA IITOPMY,
«uMMyHHas aucperymiusy, «CRP», «IL-6», «TNF-a», «bepputun», «D-gumep», «PAAC», «OPIAC», «HDT»,
«QHJIOTENMANbHAS JAUCOYHKIMS». BKIIOYEHHBIE HCCIEOBaHMSI OTOMpPAINCh Ha OCHOBE KPHTEPHEB KauecTsa,
TEMaTU4YECKOH PEJIeBAHTHOCTH, METOMOJOTHUECKON BAJMAHOCTH M KIMHUYECKOW MPUMEHHMOCTH. BBUTH HMCKITIOUEHBI
HEHay4HbIC CTaThH, MEJUAaTPUUECKUE CIIydyad, KOMMEHTapUH W palboThl, OIMyOIIMKOBAHHBIE HA SI3bIKAaX, OTIIUYHBIX OT
aHmmiickoro. OToOpaHHbIE CTaThH TPYNIMPOBAIKCH 10 OCHOBHBIM TEMaM: MaroreHes, Kiaccudukaims OnomMapKkepos,
KJIMHUYECKAs TTOJIE3HOCTh U MMPOrHOCTHUYECKAs [IEHHOCTb.

Pesynabrarnl. PesynbTarel aHamusa mnoguyepkuBaroT, 4to TsbkecTh COVID-19  ompenensercs  CIOXKHBIM
B3aMMOJICHCTBHEM MEXIY IHJIOTEIHAIBHON TUC]yHKIMEH, N30BITOYHON UIMMYHHOI akTHBanueil, nucbanancom PAAC
Y TUIEPKOArYJSIIUEeH. DTH MEXaHU3MbI IPUBOJSAT K CHCTEMHOMY BOCIMAJICHHIO, IMMYHOTPOMOO3Y ¥ MYJIBTUCHCTEMHOMY
MOBPEXK/ICHUIO, OCOOEHHO JIETOYHOMY, MOYEYHOMY, CEpACYHOMY M HEBpOJOTHUeCKOMy. MneHTHdHIMpOBaHHbIC
ouomapkepsl — Takue kak 1L-6, CRP, D-mumep, TNF-0, ¢eppurnn u CXCL10 — oTpakaroT 3TH MNpPOLECCH U
TI03BOJISTIOT IMHAMHUYECKYIO OIIEHKY TsDKeCTH 3a0oseBaHus. KiMHMUYECKHE MCCIIEI0BaHUS MPOAEMOHCTPHPOBAIHN, YTO
TIOBBIIICHHBIE YPOBHU 3THUX MapKepOB KOPPEIHMPYIOT C BBICOKOH CMEPTHOCTBIO M BapHaOENbHBIM TEPaneBTHYECKHM
oTBeTOM. cnonk3oBaHre OMOMapKEpOB Uil PyKOBOJCTBA IMMYHOTEpAInel 1oKasano 3HaYuTeIbHbIC IPEUMYIIECTBA B
MIPOrHO3UPOBAHNU U WHANBUAYAIN3AUH JICUCHHUS.

KuaroueBbie cioBa: Tsoxenbie popmbl COVID-19, Bocnanurenbabie OnoMapkepbl, xeMokunbl, OPJIC, nummyHHast
JMCPETYJISILINS, TOHIH3YMa0.
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Introduction.

Since its onset in late 2019, the SARS-
CoV-2 virus has caused a spectrum of clinical
manifestations, from mild respiratory illnesses to
severe systemic syndromes requiring intensive care.
The severity of COVID-19 is determined not solely
by viral strain viral or viral load, but by the host’s
exaggerated immune response, coagulopathic state,
and organ-specific vulnerabilities. The identification
and application of pertinent inflammatory biomarkers
have become crucial in guiding clinical decision-
making and advancing research.

Aim og the article.

The aim of this article is to provide a
comprehensive and up-to-date review of the immune-
related pathophysiological mechanisms underlying
severe forms of COVID-19, with a particular focus on
the diagnostic, prognostic, and therapeutic relevance
of inflammatory biomarkers. By integrating recent
clinical and molecular evidence, the paper seeks to
highlight how these biomarkers can support early
risk stratification and guide personalized therapeutic
strategies, ultimately contributing to improved
outcomes in critically ill patients.

Methodology.

To achieve the established objective, an initial
search of specialized scientific publications was
performed, using Google Search and databases
such as PubMed, Hinari (Health Internet Work
Access to Research Initiative), SpringerLink, the
National Center for Biotechnology Information and
Medline. Search terms such as: “severe COVID-19”,
“inflammatory  biomarkers”, “cytokine storm”,
“immune dysregulation”, “CRP”, “IL-6”, “TNF-a”,
“ferritin”, “D-dimer”, “RAAS”, “ARDS”, “NETs”,
“endothelial dysfunction” were included. For
advanced source selection, the following filters
were applied: full-text articles in English, published
between 2020 and 2025, original research articles,
editorials, narrative reviews, systematic reviews and
meta-analyses, which contained only information
on severe COVID-19. To minimize the risk of
systematic errors (bias) in the study, we performed
in-depth database searches for updated information
from relevant publications that matched the study
purpose, evaluating only studies that met the validity
criteria and applying reliable article exclusion
criteria. Publications and articles that did not align
with the study purpose, as well as those that were
not accessible in full format, were excluded from the
list of publications generated by the search engine.
Following information processing through Google
Search and databases such as PubMed, Hinari,

SpringerLink, the National Center for Biotechnology
Information, and Medline, 287 articles addressing
the pathophysiology of COVID-19, the role of
biomarkers in COVID-19, were identified based on
the search criteria. After a detailed review of the titles
and abstracts, conclusions - 93 articles were initially
considered as potentially relevant for this synthesis.
Following a comprehensive review, 66 publications
were ultimately selected as relevant to the established
objective and were included in the final bibliography,
representing the materials considered significant for
the purpose of this synthesis article. Publications that
did not address the topic, even if initially selected by
the search program, and articles inaccessible in full
format, either through the HINARI database or in the
scientific medical library of the “Nicolae Testemitanu”
State University of Medicine and Pharmacy, were
subsequently excluded from the final list.

Results.

I. Molecular and genomic mechanisms in the
pathogenesis of SARS-CoV-2

COVID-19 is an infectious disease caused by
the SARS-CoV-2 virus. The SARS-CoV-2 virus
consists of a positive-sense single-stranded RNA
(+ssRNA) with an average length of approximately
30,000 nucleotides and a 5'-head and 3'-poly-A tail
structure. The viral genome encodes approximately
9,860 amino acids and contains several open reading
frames (ORFs), notably ORFla and ORF1b, which
encode replication enzymes [1]. Structural proteins of
SARS-CoV-2 include the envelope protein (E), spike
protein (S), nucleocapsid protein (N), and membrane
protein (M) [2]. Together with a lipid bilayer derived
from the host cell membrane, these proteins form an
enveloped virion that can transport the viral genomic
RNA into new cells. The SARS-CoV-2 genome has
a guanine and cytosine (G+C) content of between
32% and 43%, a parameter that influences its genetic
stability [3]. This composition is closely linked to an
evolutionary strategy characteristic of coronaviruses
— the suppression of CpG motifs — designed to
avoid recognition by the antiviral protein ZAP,
which degrades viral RNAs rich in CpG sequences.
However, in the SARS-CoV-2 genome, the ORF
encoding the E protein retains a relatively high
content of CpG motifs, which makes it vulnerable to
Z AP activity, suggesting a possible weak point in the
virus’s immune evasion strategy [1].

Pathophysiology of Severe COVID-19

Severe cases of COVID-19 result from a
convergence of intricate interactions involving
SARS-CoV-2 and the host’s immune response,
ultimately leading to multisystem dysfunction [2].
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The fundamental pathophysiological mechanisms
underlying disease severity include endothelial
dysfunction, dysregulated immune activation,
thromboinflammation, and disturbances in the renin—
angiotensin—aldosterone system (RAAS) [3].

Viral Entry and RAAS Dysregulation

SARS-CoV-2 infection is usually transmitted
by inhalation of viral particles or contact with
contaminated surfaces. The virus enters epithelial
cells of the upper and lower respiratory tract through
the interaction of the spike protein (S) with the ACE2
receptor expressed on the surface of host cells [6]. Type
1 (involved in gas exchange) and type 2 (surfactant-
producing) pneumocytes are the main target cells
[7]. Binding of the spike to ACE2 is followed by its
proteolytic cleavage by TMPRSS2, which allows
fusion of the viral and cellular membranes and
initiation of replication [8].

After entry, the viral genome is used for the
synthesis of negative-strand RNA and subgenomic
RNAs, which are required for the synthesis of
structural proteins. The newly formed virions are
assembled in the endoplasmic reticulum and Golgi,
and are released by exocytosis. A single cell can
produce thousands of virions, which spread locally
and systemically [3].

Systemic dissemination allows infection of ACE2-
expressing organs, such as the kidney, heart, liver,
intestine, and central nervous system. Because ACE2
is a component of the renin—angiotensin—aldosterone
system (RAAS), viral binding results in reduced
expression and function [7,9]. Physiologically, ACE2
degrades angiotensin II (Ang II)—a vasoconstrictor,
proinflammatory, and profibrotic mediator—to
angiotensin 1-7, which has protective -effects.
Inhibition of ACE2 leads to the accumulation of
Ang II, favoring activation of AT1 receptors and
contributing to endothelial injury, coagulopathy, and
systemic inflammation [5].

The RAAS is activated by the secretion of
renin by the renal juxtaglomerular apparatus under
conditions of hypoperfusion. Renin converts hepatic
angiotensinogen to angiotensin I (Ang I), which is
then converted to Ang II by the action of angiotensin-
converting enzyme (ACE), predominantly in the
lungs [10]. Ang II acts on AT1R receptors, causing
vasoconstriction, sodium retention, and aldosterone
secretion. The RAAS imbalance observed in severe
COVID-19 contributes to altered tissue perfusion and
ventilation/perfusion mismatch [9].

Systemic Inflammation and Cytokine Storm

In addition to direct targeting of the ACE2 receptor
by SARS-CoV-2, other mechanisms contribute to the
imbalance of the renin-angiotensin system (RAAS).

One of these is the activation of the metallopeptidase
ADAM17, also known as TACE (TNF-a converting
enzyme), which cleaves the inactive form of TNF-a
into a soluble and active form, enhancing systemic
inflammation [11]. Activation of the AT1R receptor
by angiotensin Il indirectly stimulates ADAM17,
generating a vicious inflammatory cycle in severe
COVID-19 [7].

Animportant modulatory role is played by vitamin
D, which suppresses renin gene expression and can
support RAAS inhibition, especially when combined
with AT1 receptor blockers or ACE inhibitors [12].
Low vitamin D levels have been associated with
increased risk of ARDS [13], increased mortality
in patients with community-acquired pneumonia
[14], as well as severe COVID-19, although current
evidence is largely indirect [15].

Regarding viral entry, in addition to ACE2 and
TMPRSS2, other coreceptors such as neuropilin-1
and proteases such as cathepsin L, TMPRSS11D and
TMPRSS13 have been identified, but their pathogenic
role remains incompletely elucidated [16].

Toll-like receptors (TLRs), in particular TLR3,
TLR4 and TLR7, play a dual role in COVID-19,
they contribute to antiviral defense, but also to the
development of immunopathology in severe forms,
including cytokine storm [17,18]. In the context of
bacterial coinfections, TLR activation influences
the efficiency of the immune response and requires
appropriate antibiotic therapy.

After viral entry, the SARS-CoV-2 genome
(+ssRNA) rapidly initiates the synthesis of viral
proteins, including those involved in replication,
which induce the formation of double-membrane
vesicles (DMVs) in the endoplasmic reticulum, where
protected RNA transcription occurs (7). The main
viral recognition pathway is through the cytoplasmic
receptor MDAS, which detects double-stranded RNA
(dsRNA) and activates the synthesis of type I and Il
interferons [19]. Interferons induce the expression
of interferon-stimulated genes (ISGs), with direct
antiviral effects and immune cell recruitment [20].

In parallel, the massive release of proinflammatory
cytokines — IL-6, IL-1p, [FN-y, TNF — contributes
to systemic inflammation and organ damage [21].
Chemokines such as CXCL10, CXCL9, MCP-1, and
MIP-1q attract immune cells to inflammatory foci,
enhancing tissue damage [22]. Elevated levels of
IL-6 and other interleukins are associated with severe
complications, including ARDS [23].

Genetic Susceptibility and Antiviral Defense
Defects

In a subset of patients with severe COVID-19,
neutralizing autoantibodies against type I interferons,
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particularly IFN-02 and IFN-w, have been identified,
compromising the antiviral response and favoring
disease progression. These autoantibodies have
been detected in approximately 10% of patients with
severe forms, but were absent in asymptomatic or
mild individuals [24, 25].

In addition to autoimmune mechanisms, innate
genetic defects in interferon signaling pathways
have been described, which increase susceptibility
to critical forms. Genetic studies have revealed
mutations in the JAK1 and TYK2 genes, involved in
the transmission of signals for type I interferons and
IL-6, both of which are associated with the severity of
the infection [8, 26].

Comorbidities such as hypertension, heart failure,
diabetes, chronic lung disease, and renal dysfunction
increase the risk of respiratory complications and
mortality in severe COVID-19 [27].

It has also been proposed that the higher mortality
in men may be related to reduced ACE2 expression.
The ACE2 gene, located on the X chromosome,
may be compensated for in women by the second
X chromosome, unlike men, who have only one
functional copy. This difference may be exacerbated
by the effects of aging on ACE2 expression [7].

Thromboinflammation and
Immunothrombosis

In severe COVID-19, monocytes respond to
SARS-CoV-2 infection by releasing tissue factor
(TF) and activating the NLRP3 inflammasome,
which stimulates the production of IL-1p and IL-18
[28]. The alveolar epithelium releases 1L.-6, which
induces hepatic synthesis of procoagulant factors and
endothelial TF expression.

Neutrophils contribute to immunothrombosis by
forming neutrophil extracellular traps (NETs), which
activate factor XII, bind to von Willebrand factor, and
recruit platelets. NETs and complement fragments
(C3a, C5a) activate platelets, and enzymes such as
elastase and myeloperoxidase inhibit anticoagulant
mechanisms, favoring coagulation [29].

Activated platelets release proinflammatory
cytokines, platelet factor 4, HMGBI1, and extracellular
vesicles, amplifying the immune response and
coagulation. In parallel, increased expression of
plasminogen activator inhibitor reduces fibrinolysis,
contributing to thrombosis [30].

Generalized immunothrombosis has  been
demonstrated by postmortem studies, which showed
thrombotic microvascular lesions in the lungs and
skin, accompanied by complement deposits (C5b-9,
C4d, MASP2), without extensive inflammation or
fibrosis [31]. These microvascular lesions contribute
to respiratory failure, with paradoxically increased

lung compliance and elevated dead space fraction,
deviating from the typical profile of non-COVID
ARDS.

Pulmonary Histopathology
Alveolar Damage

Histological examinations in ARDS, including
severe forms of COVID-19, consistently reveal
diffuse alveolar damage (DAD) as the predominant
pattern of lung involvement [16,32]. It progresses
through three phases:

e Exudative — alveolar edema, epithelial lesions,
hyaline membranes;

e Proliferative — alveolar regeneration with
proliferation of type Il pneumocytes;

e Fibrotic — collagen deposition, pulmonary
fibrosis [33].

COVID-19 autopsies confirm the presence of
LAD and its correlation with severe respiratory
impairment [34]. In COVID-19 ARDS (CARDS),
extensive endothelial damage and immunothrombosis
are observed, with complement activation (C5b-
9, C4d, MASP2) and pulmonary and cutaneous
microthrombosis, in the absence of a widespread
inflammatory infiltrate [31]. Radiologically, early
forms may appear inconclusive, which delays
recognition of severity and early intervention [35].
The pathogenesis of hypoxemia involves impaired
pulmonary perfusion, characterized by ventilation/
perfusion (V/Q) mismatch and intrapulmonary
shunts, with impaired hypoxic vasoconstriction
[9]. Hyperperfusion of hypoventilated areas and
dysfunctional neovascularization contribute to
hypoxemia [36]. Hyperinflammation is essential
in disease progression. Activation of immune
cells (monocytes, macrophages, T cells, NK cells,
dendritic cells) generates a disproportionate secretion
of cytokines (IL-18, IL-2R, IL-6, IL-8, IL-17, TNF-a)
and chemokines (CCL2, CCL5, CXCL10), leading to
a cytokine storm [37-39]. This is directly correlated
with clinical severity [28]. Dysregulation of signaling
pathways, such as IL-6/JAK/STAT, TNF-o/NF-«B,
TLR, BTK, and RAS, supports the amplification of
this inflammatory reaction [26]. The deficient T cell
response contributes to ineffective viral clearance and
perpetuation of inflammation.

Multiorgan Involvement
Distribution

Although COVID-19 was initially considered
a respiratory disease, clinical data confirm its
multisystemic nature, affecting the gastrointestinal,
cardiovascular, renal, neurological, hepatic,
endocrine, and integumentary systems [30]. Severe
cases are frequently associated with a prothrombotic
state and may progress to multiorgan failure. SARS-

and Diffuse

and ACE2



224

Buletinul ASM

CoV-2 infects various tissues through the ACE2
receptor:

e Cardiovascular: Hypercytokinemia reduces
myocardial ACE2 expression, increasing angiotensin
I and promoting hypertension, contractile
dysfunction and myocardial ischemia, up to acute
coronary syndrome [40].

e Neurological: COVID-19 can cause stroke,
encephalopathy,  Guillain-Barré  syndrome or
neuropsychiatric symptoms. The virus has been
detected in the cerebral endothelium, but not in
neurons, suggesting a systemic inflammatory
mechanism [41, 42].

e Renal: Acute renal failure (ARF) is common
and associated with increased mortality. SARS-CoV-2
directly infects proximal tubular cells and podocytes
through ACE2 and TMPRSS2 [43, 44].

Hepatic: Lesions include steatosis, necrosis,
lymphocytic infiltrate, and sinusoidal thrombosis.
The causes are multifactorial: viral attack, hypoxia,
drugs, inflammation, or coagulopathy. Patients with
NAFLD are at increased risk of severe disease and
prolonged viral shedding [45-47].

e Endocrine: SARS-CoV-2 may affect the adrenal
axis, destabilize diabetes, or trigger acute endocrine
crises [48].

e Cutaneous: Manifestations include viral rashes,
vasculitis, hemorrhagic lesions, and HHV reactivation
with the appearance of pityriasis rosea [45, 48].

Collectively, these mechanisms represent a
dynamic and evolving interplay between the virus and
host immunity, where an initially protective immune
response becomes maladaptive. The dysregulation
between proinflammatory and regulatory immune
pathways, along with endothelial damage and
RAAS disruption, exacerbates systemic injury. The
ensuing pathophysiological state is characterized by
hyperinflammation, increased vascular permeability,
coagulopathy, and immunoparalysis, underscoring the
need for timely and targeted therapeutic interventions.

I. Diagnostic and Prognostic Role of
Inflammatory Biomarkers
Inflammatory biomarkers act as molecular

reflections of the underlying pathogenic processes
in COVID-19. They are critical for early risk
assessment, therapeutic strategies, and monitoring
clinical progression. Based on their functional
characteristics, these biomarkers can be classified
into several categories [2, 4, 5]:

Systemic Inflammatory Cytokines

e [L-6: Produced by macrophages, T cells, and
endothelial cells, IL-6 levels correlate strongly with
disease severity, ICU admission, and mortality.

o TNF-a: Increases endothelial permeability
and intensifies cytokine cascades. Its elevation has
been associated with respiratory insufficiency and
multiorgan dysfunction.

e IL-1B: Activated through inflammasomes
(NLRP3), it promotes vascular leakage and systemic
inflammation.

Coagulation Biomarkers

e D-dimer: A fibrin degradation product elevated
in hypercoagulable states, predicting thrombotic
complications and mortality risk.

e Fibrinogen: Acute-phase reactant with
diagnostic value in coagulation disorders and hepatic
impairment; high levels are linked to poor prognosis
in ICU patients.

Chemokines and Cell-Mediated Immunity
Markers [6]

e CXCLI10 (IP-10): Associated with viral load
and immune dysregulation [7].

e C(CXCL8 (IL-8): A potent neutrophil
chemoattractant, highly expressed in severe cases and
correlating with ARDS development [8].

Adaptive Immunity Cytokines

° IL-10: Reflects compensatory
immunosuppression after hyperinflammation. High
levels are suggestive of immune exhaustion.

e [L-17: Stimulates neutrophilic inflammation,
associated with lung tissue damage and pulmonary
fibrosis.

Acute Phase and Tissue Damage Biomarkers

o CRP: Synthesized by hepatocytes under 1L-6
influence, correlates with disease severity and the
efficacy of therapeutic interventions.

e Ferritin: Indicator of macrophage activation
and oxidative stress; high levels mark cytokine storm
and poor outcome.

e LDH: Marker of tissue necrosis; elevated levels
are particularly relevant in lung damage [9].

Emerging Biomarkers

o GM-CSF: Facilitates monocyte and macrophage
activation, involved in hyperinflammation [10].

e sST2: Inhibits IL-33 signaling; elevated
levels correlate with cardiac injury and systemic
inflammation [11].

I. Clinical Integration and Evidence from
Trials

Severe COVID-19 is associated with elevated
levels of proinflammatory cytokines and chemokines,
such as IL-6, IL-10, TNF, and IFN-y, which are
involved in the amplification of the systemic immune
response. These molecules have been therapeutic
targets in attempts to control the cytokine storm and
limit tissue damage. Strategies investigated include
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blocking IL-6 with monoclonal antibodies such as
tocilizumab and sarilumab, inhibiting TNF with
established anti-inflammatory agents (adalimumab,
etanercept), and using JAK-STAT inhibitors such
as ruxolitinib to counteract the effects of IFN-y
[49]. Modulation of IL-10, alone or in combination
with PD-1 blockade, has also been proposed as a
means of restoring T-cell function and reducing
lung inflammation [57]. Recent studies highlight
the critical role of inflammatory biomarkers in the
prognosis and treatment of severe COVID-19.

In a study of 101 COVID-19 patients in the ICU,
high baseline levels of IL-6 and CRP were associated
with mortality, and persistence of inflammation and
lymphopenia was predictive of poor outcome [58].
Similarly, an international study of 2149 patients
identified nucleocapsid antigen, CRP, and IL-6 as
predictors of severity, suggesting the importance of
combined antiviral and immunomodulatory therapy
[59].

The study by Takehiro Hasegawa et al. [60]
analyzed the inflammatory endotype type 1 (T1).
The researchers identified a subgroup (cluster 1V)
with the highest levels of T1 markers, in which the
majority of patients developed severe forms. Elevated
levels of IL-6 and CRP indicated marked systemic
inflammation. The differences observed between the
biomarkers VEGF and CCL17 suggest an interaction
between T1 and T2 inflammatory responses. This
inflammatory profile, characterized by elevated levels
of cytokines such as CXCL9, IL-18, and CCL3, is
associated with serious complications, including
ARDS, renal injury, and pulmonary fibrosis.
Monitoring T1 biomarkers may predictdisease severity
and guide treatment. Leronlimab administration to
critically ill patients reduced IL-6/TNF-a levels,
with clinical improvement and normalization of the
CD4+/CD8+ ratio [61]. Another study showed that
excessive complement activation (sC5b-9, C3a, Bb)
is associated with disease progression and mortality,
and low MBL was correlated with impaired antiviral
response [62]. Complement thus contributes to a
vicious cycle of inflammation, tissue damage, and
immune dysfunction.

Early use of tocilizumab in patients with systemic
inflammation was associated with decreased length
of hospital stay and reduced risk of progression to
ventilation or death, without increasing secondary
infections [63, 64].

A controlled study conducted in the Republic of
Moldova showed that a reduced dose of tocilizumab
(200 mg) may be comparable to the standard dose
in clinical improvement, supporting efficient use of
resources and reducing the risk of adverse reactions.

Dosage adjustment is recommended based on disease
severity and patient profile [65].

In a pilot study, the combination of tocilizumab
+ pembrolizumab demonstrated promising results
in the recovery of severely ill patients, with reduced
length of hospital stay and possible immune
restoration, although methodological limitations are
acknowledged [66].

However, cytokine profiles vary between patients,
highlighting the need for individualized assessment of
IL-6, TNF-a, IFN-y before initiating immunotherapy.
Combining antiviral and immunomodulatory
treatments may optimize clinical outcomes, but
further studies are needed to validate safety, especially
regarding the risk of chronic inflammation associated
with strategies such as IL-10 modulation.

Conclusions.

1. Effective management of severe COVID-19
requires a comprehensive understanding of the
complex pathophysiological processes underlying
disease  progression—specifically,  dysregulated
immune activation, endothelial  dysfunction,
immunothrombosis, and RAAS imbalance. These
mechanisms act synergistically to generate the clinical
manifestations observed in critical illness, ranging
from acute respiratory distress syndrome (ARDS) to
multiorgan failure.

2. Within this intricate biological context,
inflammatory biomarkers serve as essential tools
linking molecular pathology to clinical application.
Their dynamic expression patterns reflect the ongoing
immunological perturbations and tissue injury
characteristic of severe SARS-CoV-2 infection. As
such, these biomarkers not only facilitate early and
accurate diagnosis, but also enable risk stratification,
monitoring of therapeutic response, and prognostic
assessment.

3. The integration of biomarker profiling into
standard clinical protocols allows for personalized
medicine approaches, aligning therapeutic strategies
with the patient’s inflammatory phenotype and
disease trajectory. Biomarkers such as IL-6, CRP,
D-dimer, and ferritin, among others, provide real-
time insight into the host’s immune status and the
extent of systemic involvement.

4. The clinical relevance of these biomarkers
is reinforced by their direct correlation with the
pathophysiological determinants of disease severity,
such as cytokine storm syndrome, endothelial injury,
coagulopathy, and impaired interferon responses.
Their function surpasses that of mere passive markers;
they actively inform therapeutic decision-making,
such as timing and selection of immunomodulatory
agents, anticoagulants, or antiviral therapies.
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5. Inflammatory biomarkers constitute a
cornerstone of modern COVID-19 management.
Their use, grounded in an in-depth comprehension
of the disease’s pathophysiology, enhances clinical
accuracy, enables early intervention, and holds
the potential to significantly improve outcomes in
patients with severe forms of COVID-19. Ongoing
investigation of novel biomarkers and their underlying
mechanisms will enhance therapeutic strategies and
facilitate the development of adaptive, evidence-
based clinical management.

Discussion and Limitations.

The integration of inflammatory biomarkers into
routine clinical algorithms for COVID-19 is a rapidly
advancing field. Future directions should focus on
the development of standardized biomarker panels
that allow for early stratification of disease severity,
prediction of therapeutic response, and evaluation
of risk for long-term complications, including
pulmonary fibrosis and cardiovascular sequelae.

Moreover, the characterization of distinct
inflammatory endotypes via biomarker profiling
and machine learning may facilitate the
implementation of precision medicine strategies,
tailoring immunomodulatory therapies to individual
inflammatory patterns. As new therapeutic agents,
such as complement inhibitors, IL-1 blockers, or
checkpoint modulators, enter clinical use, real-time
biomarker monitoring will be essential for timing
interventions and minimizing adverse effects.

Furthermore,  prospective  studies  should
investigate the temporal dynamics of biomarker
profiles, particularly in post-acute COVID-19
syndromes (“long COVID”), to elucidate chronic
inflammatory mechanisms and guide rehabilitation

strategies.
Finally, the integration of multi-omics data
(transcriptomics, proteomics, metabolomics)

combined with biomarker analyses may provide
deeper insights into COVID-19 immunopathology
and facilitate early identification of patients at risk
for severe outcomes, across various viral variants and
patient populations.

Despite the comprehensive synthesis provided
in this narrative review, several limitations must be
acknowledged.

First, the variability in study designs and patient
cohorts within the reviewed literature presents
potential bias in the comparative analysis of outcomes
and biomarker significance. Many included studies
differ in their definitions of “severe COVID-19,”
timing of biomarker measurements, and clinical
endpoints. Second, a substantial portion of the

evidence is derived from observational studies and
retrospective analyses, which may be confounded by
uncontrolled variables, such as prior comorbidities,
treatment heterogeneity, and viral variants. Third,
due to the rapid evolution of the pandemic, some
emerging biomarkers and therapeutic strategies may
not yet be fully validated in large-scale randomized
controlled trials (RCTs), and their clinical utility
remains provisional. Additionally, the exclusion of
non-English articles may have limited the cultural
and regional diversity of the evidence.
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Research Hypothesis

A comprehensive analysis of  current
scientific ~ evidence  will demonstrate that
inflammatory biomarkers play a central role in the
pathophysiological progression, risk stratification,
and therapeutic guidance of severe COVID-19, and
that their integration into clinical practice can enhance
personalized medical interventions and improve
patient outcomes.

The novelty added by the manuscript to the
already published scientific literature

Thisreviewuniquelyintegratesimmunopathogenic
mechanisms with clinically relevant inflammatory
biomarkers in severe COVID-19, highlighting
emerging markers and their role in precision therapy.
The paper provides a structured connection between
molecular pathways and therapeutic decisions,
bringing up-to-date insights that have not previously
been synthesized in a unified clinical-immunological
framework.

Bibliography.

1. Yang H, Rao Z. Structural biology of SARS-CoV-2
and implications for therapeutic development. Vol.
19, Nature Reviews Microbiology. Nature Research;
2021. p. 685-700.

2. Bhat EA, khan J, Sajjad N, Ali A, Aldakeel FM,
Mateen A, et al. SARS-CoV-2: Insight in genome
structure, pathogenesis and viral receptor binding
analysis — An updated review. Vol. 95, International
Immunopharmacology. Elsevier B.V.; 2021.



Stiinte Medicale

227

3.

10.

11.

12.

13.

14.

Polatoglu I, Oncu-Oner T, Dalman I, Ozdogan S.
COVID-19 in early 2023: Structure, replication
mechanism, variants of SARS-CoV-2, diagnostic tests,
and vaccine & drug development studies. 2023 [cited
2023 Oct 12]; Available from: https://doi.org/10.1002/
mco2.228

Bohn MK, Hall A, Sepiashvili L, Jung B, Steele S,
Adeli K. Pathophysiology of COVID-19: Mechanisms
underlying disease severity and progression. Vol. 35,
Physiology. American Physiological Society; 2020. p.
288-301.

Jasiczek J, Doroszko A, Trocha T, Trocha M. Role
of the RAAS in mediating the pathophysiology of
COVID-19. Vol. 76, Pharmacological Reports.
Springer Science and Business Media Deutschland
GmbH; 2024. p. 475-86.

Hoffmann M, Kleine-Weber H, Schroeder S, Kriiger
N, Herrler T, Erichsen S, et al. SARS-CoV-2 Cell Entry
Depends on ACE2 and TMPRSS? and Is Blocked by a
Clinically Proven Protease Inhibitor. Cell. 2020 Apr
16; 181(2):271-280.¢8.

Lee C, Won -, Choi J. Overview of COVID-19
inflammatory pathogenesis from the therapeutic
perspective. Arch Pharm Res [Internet]. 2021 [cited
2023 Jul 13]; 44:99-116. Available from: https://doi.
org/10.1007/s12272-020-01301-7

Pairo-Castineira E, Rawlik K, Klaric L, Kousathanas
A, Richmond A, Millar J, et al. GWAS and meta-
analysis identifies multiple new genetic mech-anisms
underlying severe Covid-19. Available from: https://
doi.org/10.1101/2022.03.07.22271833

Habashi NM, Camporota L, Gatto LA, Nieman G.
Functional pathophysiology of SARS-CoV-2-induced
acute lung injury and clinical implications. 2021
[cited 2023 Jul 15]; Available from: http://www.jap.
org

El-Arif G, Farhat A, Khazaal S, Annweiler C, Kovacic
H, Wu Y, et al. The renin-angiotensin system: A key
role in SARS-CoV-2-induced COVID-19. Vol. 26,
Molecules. MDPI; 2021.

Abudalo RA, Alqudah AM, Roarty C, Athamneh RY.
Oxidative stress and inflammation in COVID-19:
potential application OF GLP-1 receptor agonists.
Mansur JL, Tajer C, Mariani J, Inserra F, Ferder L,
Manucha W. Vitamin D high doses supplementation
could represent a promising alternative to prevent
or treat COVID-19 infection. Vol. 32, Clinica e
Investigacion en Arteriosclerosis. Elsevier Doyma;
2020. p. 267-77.

Park S, Lee MG, Hong SB, Lim CM, Koh Y, Huh JW.
Effect of vitamin D deficiency in korean patients with
acute respiratory distress syndrome. Korean J Intern
Med. 2018 Nov 1; 33(6):1129-36.

Remmelts HHF, Van De Garde EMW, Meijvis SCA,
Peelen ELGCA, Damoiseaux JGMC, Grutters JC, et
al. Addition of Vitamin D status to prognostic scores
improves the prediction of outcome in community-
acquired pneumonia. Clin Infect Dis. 2012 Dec 1;
55(11):1488-94.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

. Subramanian S, Griffin G, Hewison M, Hopkin J,

Kenny RA, Laird E, et al. Vitamin D and COVID-19—
Revisited. Vol. 292, Journal of Internal Medicine. John
Wiley and Sons Inc; 2022. p. 604-26.

Lamers MM, Haagmans BL. SARS-Col-2
pathogenesis. [cited 2023 Jul 12]; Available from:
www.nature.com/nrmicro

Kadhim HJ, Ghareeb AM, Alhilal MGM. Toll-
Like Receptor-4 Expression Level upon SARS-
Cov2 Infection with and without Bacterial/Fungal
Secondary and Co-Infection Among Iraqi Patients.
Acta Microbiol Bulg. 2024; 40(2):181-9.
Khanmohammadi S, Rezaei N. Role of Toll-like
receptors in the pathogenesis of COVID-19. Vol. 93,
Journal of Medical Virology. John Wiley and Sons
Inc; 2021. p. 2735-9.

Karki R, Kanneganti TD. Innate immunity, cytokine
storm, and inflammatory cell death in COVID-19.
Vol. 20, Journal of Translational Medicine. BioMed
Central Ltd; 2022.

Nasrollahi H, Talepoor AG, Saleh Z, Eshkevar
Vakili M, Heydarinezhad P, Karami N, et al. Immune
responses in mildly versus critically ill COVID-19
patients. Vol. 14, Frontiers in Immunology. Frontiers
Media S.A.; 2023.

Jiang Y, Rubin L, Peng T, Liu L, Xing X, Lazarovici
P, et al. Cytokine storm in COVID-19: from viral
infection to immune responses, diagnosis and therapy.
Vol. 18, International Journal of Biological Sciences.
Ivyspring International Publisher; 2022. p. 459-72.
Fajgenbaum DC, June CH. Cytokine Storm. N Engl ]
Med. 2020 Dec 3; 383(23):2255-73.

Ni L, Cheng ML, Feng Y, Zhao H, Liu J, Ye F, et al.
Impaired Cellular Immunity to SARS-CoV-2 in Severe
COVID-19 Patients. Front Immunol. 2021 Feb 2; 12.
Bastard P, Rosen LB, Zhang Q, Michailidis E,
Hoffmann HH, Zhang Y, et al. Autoantibodies
against type I IFNs in patients with life-threatening
COVID-19. Science (80- ). 2020 Oct 23; 370(6515).
Solanich X, Rigo-Bonnin R, Gumucio VD,
Bastard P, Rosain J, Philippot Q, et al. Pre-existing
Autoantibodies Neutralizing High Concentrations
of Type I Interferons in Almost 10% of COVID-19
Patients Admitted to Intensive Care in Barcelona. J
Clin Immunol. 2021 Nov 1; 41(8):1733—44.

Hu X, li J, Fu M, Zhao X, Wang W. The JAK/STAT
signaling pathway: from bench to clinic. Vol. 6, Signal
Transduction and Targeted Therapy. Springer Nature;
2021.

Zhu L, Marsh JW, Griffith MP, Collins K, Srinivasa V,
Waggle K, etal. Predictive model for severe COVID-19
using SARS-CoV-2 whole-genome sequencing and
electronic health record data, March 2020-May 2021.
PLoS One. 2022 Jul 1; 17(7 July).

PanP, ShenM, YuZ, Ge W, ChenK, Tian M, etal. SARS-
CoV-2 N protein promotes NLRP3 inflammasome
activation to induce hyperinflammation. Nat Commun.
2021 Dec 1; 12(1).



228

Buletinul ASM

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Lopes-Pacheco M, Silva PL, Cruz FF, Battaglini D,
Robba C, Pelosi P, et al. Pathogenesis of Multiple
Organ Injury in COVID-19 and Potential Therapeutic
Strategies. Vol. 12, Frontiers in Physiology. Frontiers
Media S.A.; 2021.

Ebeyer-Masotta M, Eichhorn T, Weiss R, Laukova
L, Weber V. Activated Platelets and Platelet-Derived
Extracellular Vesicles Mediate COVID-19-Associated
Immunothrombosis. Vol. 10, Frontiers in Cell and
Developmental Biology. Frontiers Media S.A.; 2022.
Magro C, Mulvey JJ, Berlin D, Nuovo G, Salvatore S,
Harp J, et al. Complement associated microvascular
injury and thrombosis in the pathogenesis of severe
COVID-19 infection: A report of five cases. Transl
Res. 2020 Jun 1; 220:1-13.

Bonaventura A, Vecchi¢ A, Dagna L, Martinod
K, Dixon DL, Van Tassell BW, et al. Endothelial
dysfunction and immunothrombosis as key pathogenic
mechanisms in COVID-19. Nat Rev Immunol 2021215
[Internet]. 2021 Apr 6 [cited 2023 Jul 11];21(5):319-
29. Available from: https://www.nature.com/articles/
s41577-021-00536-9

Bosmiiller H, Matter M, Fend F, Tzankov A. The
pulmonary pathology of COVID-19. Available from:
https://doi.org/10.1007/s00428-021-03053-1

Copin MC, Parmentier E, Duburcq T, Poissy J,
Mathieu D, Caplan M, et al. Time fo consider
histologic pattern of lung injury to treat critically ill
patients with COVID-19 infection. Vol. 46, Intensive
Care Medicine. Springer; 2020. p. 1124-6.

Selickman J, Vrettou CS, Mentzelopoulos SD, Marini
JJ. COVID-19-Related ARDS: Key Mechanistic
Features and Treatments. Vol. 11, Journal of Clinical
Medicine. MDPI; 2022.

Camporota L, Cronin JN, Busana M, Gattinoni L,
Formenti F. Pathophysiology of coronavirus-19
disease acute lung injury. 2021 [cited 2023 Jul 12];
Available from: www.co-criticalcare.com

Mishra KP, Singh AK, Singh SB. Hyperinflammation
and Immune Response Generation in COVID-19.
Neuroimmunomodulation. 2021 Jan 1; 27(2):80-6.
Zheng M, Karki R, Williams EP, Yang D, Fitzpatrick
E, Vogel P, et al. TLR2 senses the SARS-CoV-2
envelope protein to produce inflammatory cytokines.
Nat Immunol. 2021 Jul 1; 22(7):829-38.

Tan LY, Komarasamy TV, RMT Balasubramaniam
V. Hyperinflammatory Immune Response and
COVID-19: A Double Edged Sword. Vol. 12, Frontiers
in Immunology. Frontiers Media S.A.; 2021.
Babapoor-Farrokhran S, Gill D, Walker J, Rasekhi RT,
Bozorgnia B, Amanullah A. Myocardial injury and
COVID-19: Possible mechanisms. Life Sci. 2020 Jul
15; 253.

Rakhimovich OA, Karlibaevna DG. Extrapulmonal
manifestations of COVID-19. 2025; 3(3). Available
from: http://www.jazindia.com/index.php/jaz/article/
view/1716

Boldrini M, Canoll PD, Klein RS. How COVID-19
Affects the Brain. Vol. 78, JAMA Psychiatry. American
Medical Association; 2021. p. 682-3.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Soleimani M. Acute kidney injury in sars-cov-2
infection: Direct effect of virus on kidney proximal
tubule cells. Int ] Mol Sci. 2020 May 1; 21(9).
Benedetti C, Waldman M, Zaza G, Riella L V., Cravedi
P. COVID-19 and the Kidneys: An Update. Vol. 7,
Frontiers in Medicine. Frontiers Media S.A.; 2020.
Cai Y, Ye LP, Song YQ, Mao XL, Wang L, Jiang
YZ, et al. Liver injury in COVID-19: Detection,
pathogenesis, and treatment. Vol. 27, World Journal
of Gastroenterology. Baishideng Publishing Group
Co; 2021. p. 3022-36.

Elemam NM, Talaat IM, Maghazachi AA, Saber-
Ayad M. Liver Injury Associated with COVID-19
Infection: Pathogenesis, Histopathology, Prognosis,
and Treatment. Vol. 12, Journal of Clinical Medicine.
Multidisciplinary Digital Publishing Institute (MDPI);
2023.

Lucifora J, Michelet M, Rivoire M, Protzer U, Durantel
D, Zoulim F. Two-dimensional-cultures of primary
human hepatocytes allow efficient HBV infection:
Old tricks still work! Vol. 73, Journal of Hepatology.
Elsevier B.V.; 2020. p. 449-51.

Louis TJ, Qasem A, Abdelli LS, Naser SA. Extra-
Pulmonary Complications in SARS-CoV-2 Infection:
A Comprehensive Multi Organ-System Review. Vol.
10, Microorganisms. MDPI; 2022.

van Eijk LE, Binkhorst M, Bourgonje AR, Offringa
AK, Mulder DJ, Bos EM, et al. COVID-19:
immunopathology, pathophysiological mechanisms,
and treatment options. Vol. 254, Journal of Pathology.
John Wiley and Sons Ltd; 2021. p. 307-31.
Bergamaschi C, Terpos E, Rosati M, Angel M, Bear
J, Stellas D, et al. Systemic IL-15, IFN-y, and IP-10/
CXCLI10 signature associated with effective immune
response to SARS-CoV-2 in BNT162b2 mRNA vaccine
recipients. Cell Rep. 2021 Aug 10; 36(6).

Kameda M, Otsuka M, Chiba H, Kuronuma K,
Hasegawa T, Takahashi H, et al. CXCL9, CXCLI10,
and CXCL11; biomarkers of pulmonary inflammation
associated with autoimmunity in patients with collagen
vascular diseases—associated interstitial lung disease
and interstitial pneumonia with autoimmune features.
PLoS One. 2020 Nov 1; 15(11 11).

Liu M, Guo S, Hibbert JM, Jain V, Singh N, Wilson
NO, et al. CXCLI0/IP-10 in infectious diseases
pathogenesis and potential therapeutic implications.
Vol. 22, Cytokine and Growth Factor Reviews. 2011.
p. 121-30.

Ackermann M, Verleden SE, Kuehnel M, Haverich
A, Welte T, Laenger F, et al. Pulmonary Vascular
Endothelialitis, Thrombosis, and Angiogenesis in
Covid-19. N Engl J Med. 2020 Jul 9; 383(2):120-8.
Henry BM, Aggarwal G, Wong J, Benoit S, Vikse J,
Plebani M, et al. Lactate dehydrogenase levels predict
coronavirus disease 2019 (COVID-19) severity and
mortality: A pooled analysis. Am J Emerg Med. 2020
Sep 1; 38(9):1722-6.

Lang FM, Lee KMC, Teijaro JR, Becher B, Hamilton
JA. GM-CSF-based treatments in COVID-19:



Stiinte Medicale

229

56.

57.

58.

59.

60.

61.

reconciling opposing therapeutic approaches. Nat
Rev Immunol. 2020 Aug 1; 20(8):507—14.

Ragusa R, Basta G, Del Turco S, Caselli C. 4 possible
role for ST2 as prognostic biomarker for COVID-19.
Vol. 138, Vascular Pharmacology. Elsevier Inc.; 2021.
Rahmati M, Moosavi MA. Cytokine-Targeted Therapy
in Severely ill COVID-19 Patients: Options and
Cautions. Vol. 4, Eurasian Journal of Medicine and
Oncology. Kare Publishing; 2020. p. 179-80.
Lavillegrand JR, Garnier M, Spaeth A, Mario N,
Hariri G, Pilon A, et al. Elevated plasma IL-6 and CRP
levels are associated with adverse clinical outcomes
and death in critically ill SARS-CoV-2 patients:
inflammatory response of SARS-CoV-2 patients. Ann
Intensive Care. 2021 Dec 1; 11(1).

Jensen TO, Murray TA, Grandits GA, Jain MK,
Grund B, Shaw-Saliba K, et al. Early trajectories
of virological and immunological biomarkers and
clinical outcomes in patients admitted to hospital
for COVID-19: an international, prospective cohort
study. The Lancet Microbe. 2024 Jun 1; 5(6):¢559—69.
Hasegawa T, Nakagawa A, Suzuki K, Yamashita K,
Yamashita S, Iwanaga N, et al. Type [ inflammatory
endotype relates to low compliance, lung fibrosis, and
severe complications in COVID-19. Cytokine. 2021
Dec 1;148.

Sciascia S, Apra F, Baffa A, Baldovino S, Boaro D,
Boero R, et al. Pilot prospective open, single-arm
multicentre study on off-label use of tocilizumab in
patients with severe COVID-19.

62.

63.

64.

65.

66.

Devalaraja-Narashimha K, Ehmann PJ, Huang C,
Ruan Q, Wipperman MF, Kaplan T, et al. Association
of complement pathways with COVID-19 severity and
outcomes. Microbes Infect. 2023 May 1; 25(4).
Broman N, Feuth T, Vuorinen T, Valtonen M, Hohenthal
U, Loyttyniemi E, et al. Early administration of
tocilizumab in hospitalized COVID-19 patients with
elevated inflammatory markers; COVIDSTORM—a
prospective, randomized, single-centre, open-label
study. Clin Microbiol Infect. 2022 Jun 1; 28(6):844—
51.

Cotter A, Wallace D, McCarthy C, Feeney E, O’Neill
L, Stack J, et al. The COVIRL002 Trial-Tocilizumab
for management of severe, non-critical COVID-19
infection: A structured summary of a study protocol
for a randomised controlled trial. Trials. 2020 Sep 3;
21(1).

Cojocaru S, Russu I, Buta G, Bersan S, Poting-Rascov
V, Culiuc N, et al. 4 reduced fixed dose of Tocilizumab
200 mg compared to 400 mg in patients with severe
COVID-19 disease. One Heal Risk Manag. 2023 Sep
12; 4(4):19-26.

Sanchez-Conde M, Vizcarra P, Pérez-Garcia JM, Gion
M, Martialay MP, Taboada J, et al. Pembrolizumab
in combination with tocilizumab in high-risk
hospitalized patients with COVID-19 (COPERNICO):
Arandomized proof-of-concept phase II study. Int J
Infect Dis. 2022 Oct 1; 123:97-103.



