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Editorial on the Research Topic

Emerging human viruses with pandemic potential: Diagnostics,
pathogenesis, and therapeutics
The emergence of viral pathogens and their subsequent spreading have caused an

extremely significant impact on human health and the global economy. Most notably, the

COVID-19 pandemic posed an enormous threat to public health worldwide, both because

of its pathological characteristics in addition to high transmissibility and rapid evolution of

SARS-CoV-2. Considering this, studies focused on biology, pathogenesis, epidemiology,

diagnosis and prevention of viral pathogens are fundamental to control future emerging

infectious diseases. In this Research Topic, we received 19 manuscripts, of which 9 were

accepted for publication after rigorous peer review processes. We thank all the authors and

reviewers for their valuable contributions, and we expect that this article collection will be

helpful for the scientific community seeking knowledge about emerging viruses.

Andrade et al., present a comprehensive review highlighting the homeostatic alterations

caused by SARS-CoV-2 infections. In general, hypercoagulation, endothelial dysfunction and

dysregulation of the renin-angiotensin system are important determinants for pulmonary

thrombus formation and impairment of respiratory functions observed in patients with

severe COVID-19. Chen et al., report that ferroptosis, a cell death mechanism characterized

by iron overload and lipid peroxidation, may participate in SARS-CoV-2 infection associated

liver injury, a common feature in COVID-19. Potential links between ferroptosis and

COVID-19 are associated with higher frequencies of hepatic steatosis, Kupffer cell

activation, vascular thrombosis, and inflammatory infiltration. However, it is still unclear

how ferroptosis drives these pathological processes contributing to liver injury caused by

SARS-CoV-2. Additionally, Yang et al., emphasis the roles of non-coding RNAs (ncRNAs) in

neurological complications induced by Enterovirus 71 (EV71). In this respect, host ncRNAs

target EV71 genome to promote invasion and modulate its replication; this event may

damage key signaling pathways of central nervous system, resulting in acute immune and

inflammatory responses. Essentially, these reports provide a basis for the mechanisms that

contribute to pathological features of COVID-19 or EV71-associated diseases.
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Understanding risk factors and serological markers that can

influence the progression of the disease are crucial for treatment

and prevention measures. Under these premises, Queiroz et al.,

evaluate the main risk factors correlated with the severity and

progression of COVID-19. In this study, the assessment of clinical

manifestations of patients infected with SARS-CoV-2 demonstrated

that elevated cytokine levels among individuals with severe acute

COVID-19 is associated to sex, advanced age, and presence of

comorbidities such as diabetes mellitus, hypertension, chronic

kidney disease, obesity, and immunosuppression. In addition, it

was possible to identify cytokine markers that are characteristic for

disease progression to long COVID-19. Similarly, Torres et al.,

provide a detailed study of risk factors associated to SARS-CoV-2

seroprevalence at first wave in comparison with the second wave of

COVID-19 in the city of Beleıḿ, state of Paraı,́ northern Brazil.

According to this study, behavioral profiles including the frequency

of travel, low frequency of protective mask use, hygiene habits, lack of

social isolation, and contact with infected people, in addition to

socioeconomic discrepancies as low education level, are considered

risk factors for SARS-CoV-2 infection. In addition, Chen et al.,

present an interesting research manuscript regarding the

predictability of mortality of COVID-19 patients. The prognostic

model demonstrated that age and high levels of UREA and lactate

dehydrogenase (LDH) were associated with mortality of 80-days

COVID-19 patients, suggesting a robust tool for predicting mortality

and assist clinicians in the early screening of patients with COVID-19

poor prognoses.

Hu et al., and Yang et al., highlight the need to the development

of tools that can be applicable to early diagnosis of COVID-19 and

HIV infection, respectively. Hu et al., report a RNA fluorescence in

situ hybridization (FISH) method that detects SARS-CoV-2 spike

(S) and envelope (E) proteins and their mRNAs, with enhanced

signal of fluorescence generated within a hybridization reaction

inside HEK 293T cells. Yang et al., evaluate the performance of

Elecsys® HIV Duo assay for diagnostic of HIV/AIDS from clinical

patient samples in southwest China. This study demonstrated the

detection of the earliest immune markers HIV-1 p24 antigen and

HIV-1/2 antibody simultaneously, which greatly enhanced the

performance of test results. These approaches might improve the

detection sensitivity and specificity and support the early diagnosis

of SARS-CoV-2 and HIV, respectively.

While several emerging viruses have caused outbreaks, detailed

knowledge of their behavior and habitats are essential to predict

potential outbreaks and spillovers of zoonotic diseases (Harvey and
Frontiers in Cellular and Infection Microbiology 0256
Holmes, 2022). Regarding to that, Loh et al., present a study of viral

diversity in bat host species in deforested versus forested areas of the

Atlantic Forest of Brazil. Overall, the study demonstrated the

prevalence of high viral richness in active deforestation sites,

which may result in increased risk to human exposure with

zoonotic infections and disease reservoirs.
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Role of Non-Coding RNA in
Neurological Complications
Associated With Enterovirus 71
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Enterovirus 71 (EV71) is the main pathogenic virus that causes hand, foot, and mouth
disease (HFMD). Studies have reported that EV71-induced infections including aseptic
meningitis, acute flaccid paralysis, and even neurogenic pulmonary edema, can progress
to severe neurological complications in infants, young children, and the
immunosuppressed population. However, the mechanisms through which EV71
causes neurological diseases have not been fully explored. Non-coding RNAs
(ncRNAs), are RNAs that do not code for proteins, play a key role in biological
processes and disease development associated with EV71. In this review, we
summarized recent advances concerning the impacts of ncRNAs on neurological
diseases caused by interaction between EV71 and host, revealing the potential role of
ncRNAs in pathogenes is , d iagnos is and t rea tment o f EV71- induced
neurological complications.

Keywords: virus-host interaction, enterovirus 71, hand, foot, and mouse disease, microRNA, long non-coding RNA,
non-coding RNA
1 INTRODUCTION

Enteroviruses (EVs) are a genus of the Picornaviridae family characterized by small, single-
stranded, positive-sense RNA (Solomon et al., 2010; Baggen et al., 2018). There are 13 species in
this family, of which 7 species, including four species of enteroviruses (enteroviruses A, B, C, and D)
and three species of rhinoviruses (rhinoviruses A, B, and C) are pathogenic to humans (Nikonov
et al., 2017). Enterovirus 71 (EV71) is a member of species group A and has an icosahedral structure
that is characteristic of all EVs. The viral capsid comprises 60 repeating units referred to as
protomers. Each protomer consists of four structural viral proteins (surface proteins (VP1-VP3) and
the internal protein (VP4)) (Solomon et al., 2010; Plevka et al., 2012; Baggen et al., 2018). The P1
coding region of the virus genome codes for structural proteins, whereas other seven non-structural
proteins (proteins 2A-2C and 3A-3D) are encoded by the P2 and P3 regions (Solomon et al., 2010).
Structure proteins of EV71 play important roles in viral pathogenicity, virulence and host resistance,
as well as serve as regulatory targets for biological factors (Zheng et al., 2011; Wang B. et al., 2013).
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EV71 is the main etiological agent that causes brief, generally
mild, self-limiting HFMD, which is characterized by red spots or
herpes on the hands, feet, and mouth and which resolves in 3-7
days without treatment (Solomon et al., 2010; Cox and Levent,
2018). Since EV71 was first isolated from the human central
nervous system in 1974 (Schmidt et al., 1974). The EV71-
associated neurological diseases, such as aseptic meningitis,
acute flaccid paralysis, neurogenic cardiopulmonary failure and
fatal encephalitis, have been widely reported in China, America,
Brazil, Vietnam and other countries (Xing et al., 2014; Huang
et al., 2015; Liu et al., 2015; Hasbun et al., 2017; B'Krong et al.,
2018; Ramalho et al., 2019). A large epidemiological study
conducted from 2008 to 2012 in China reported 7,200,092
probable cases among which 80% laboratory-confirmed severe
cases (patients with neurological or cardiopulmonary
complications) and 93% fatal cases were attributed to EV71
infection (Xing et al., 2014). Currently, there are no specific
therapeutic options for EV71-induced neurological diseases, and
the mechanisms of severe nervous system diseases have not been
fully elucidated (Ooi et al., 2010; Solomon et al., 2010; Chen et al.,
2020). Expanding evidence reveals that ncRNAs play essential
roles in normal physiological and pathological processes
(Beermann et al., 2016). Researchers found that ncRNAs were
closely related to development of HFMD and pathogenicity of
EV71, which may provide basis for pathogenesis, diagnosis and
treatment of EV71-associated diseases.
2 OVERVIEW OF NON-CODING RNAS

ncRNAs are RNAs without the potential for encoding biological
proteins. Based on the number of nucleotides (nt), they are
divided into two subclasses, small or short non-coding RNAs
(less than 200 nt) and long non-coding RNAs (lncRNAs) (more
than 200 nt) (Kapranov et al., 2007; Esteller, 2011; Beermann
et al., 2016; Engreitz et al., 2016). Small non-coding RNAs are
further classified into three main categories: microRNAs
(miRNAs), short interfering RNAs (siRNAs), and piwi-
interacting RNAs (piRNAs). Small non-coding RNAs act as
disincentives to gene expression and regulation by combining
with members of the Argonaute protein (Ago protein)
superfamily (Carthew and Sontheimer, 2009). miRNAs, which
mediate post-transcriptional gene suppression by binding
mRNAs or viral genomes, are one of the most important and
widely studied classes of ncRNAs (He and Hannon, 2004). In the
nucleus, lncRNAs modulate expressions of neighboring genes
through chromatin remodeling, and transcriptional and post-
transcriptional regulation, thereby regulating biological
processes (Mercer et al., 2009; Engreitz et al., 2016).

The synthesis of miRNAs is dependent on two pivotal
enzymes, Drosha and Dicer, which belong to the ribonuclease-
III (RNase III) family (Hutvágner et al., 2001; Lee et al., 2003).
Primary miRNA (pri-miRNA) is transcribed from endogenous
miRNA genes by RNA polymerase II (Pol II) to generate pre-
miRNA after processing by Drosha inside the nucleus (Lee et al.,
2003). Exportin-5 is involved in extranuclear transportation of
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 278
pre-miRNA, which is subsequently cleaved by Dicer into an
imperfect dsRNA duplex (miRNA: miRNA duplex) (Hutvágner
et al., 2001; Carthew and Sontheimer, 2009). One miRNA strand:
miRNA duplex is assembled into an RNA-induced silencing
complex (RISC), namely miRISC. miRISC mediates post-
transcriptional gene inhibition by translational repression or
mRNA cleavage (He and Hannon, 2004; Rana, 2007; Carthew
and Sontheimer, 2009). In various aspects, such as the same type
of transcriptase, Pol II, lncRNAs are similar to mRNAs.
However, compared to mRNAs, lncRNAs exhibit a lower
transcription number and are evolutionarily conserved (Quinn
and Chang, 2016). lncRNAs modulate genes expressions by
interacting with chromatin and proteins through secondary
structures such as hairpin and stem ring structures (Quinn and
Chang, 2016; Statello et al., 2021), and this function plays an
important role in the body against external infection.

ncRNAs have ability to cope with environmental changes and
defend against external threats through the corresponding
machinery. Dysregulated ncRNAs may damage various
physiological processes and promote pathological conditions.
For instance, dysregulated miR-143/145 cluster, which is
extensively recognized as a tumor suppressor, promotes tumor
g row th by induc in g ang i o g ene s i s i n th e t umor
microenvironment (Dimitrova et al., 2016). The focus of this
review is ncRNAs, particularly miRNAs and lncRNAs, with an
emphasis on the effect of miRNAs on development of EV71-
induced CNS complications and the potential of lncRNAs and
miRNAs as biomarkers for c l in ica l diagnosis and
therapeutic targets.
3 ROLE OF MIRNAS IN EV71-INDUCED
CNS INFECTION

3.1 miRNAs and Neurotropism of EV71
Several studies on polioviruses (PVs), the one important species
of enterovirus, have widely explored enterovirus tropism.
Although viral tropism is determined by cellular receptors
(Holland, 1961), internal ribosomal entry sites (IRESs)
(Gromeier et al., 1996), and interference responses (especially
a/b IFN) (Ida-Hosonuma et al., 2005), the cellular receptors play
the most important role in cell and tissue tropism of PV.
Previous studies have shown that non-susceptible mouse cells
became susceptible after introducing human PVR gene into the
mouse genome, and ultimately presented with CNS diseases
similar to those in infected humans (Ren et al., 1990; Koike
et al., 1991).

Relative to PVR, EV71 receptors are more complicated.
Scavenger receptor class B, member 2 (SCARB2, also known as
LGP85), which belongs to the CD36 family, is a type III
transmembrane protein involved in membrane transport.
SCARB2 is a major receptor for EV71 and plays a crucial role
in attachment, internalization, and viral conformational changes
for uncoating, which determines the cell and tissue tropism of
EV71 (Yamayoshi et al., 2009; Dang et al., 2014). SCARB2 is
highly expressed in several cells and tissues, including CNS
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neurons, pneumocytes, hepatocytes, splenocytes, renal tubular
epithelia, and intestinal epithelia (Fujii et al., 2013). Fujii et al.
(2013) and Yang et al. (2019) demonstrated that expression of
only SCARB2was sufficient to allow transgenic mice to develop
EV71-associated CNS diseases that resemble those in infected
humans. Moreover, SCARB2 expression profiles in mice were
comparable to those in humans, which may explain
neurotropism and cell tropism of EV71. Although SCARB2 is
of great significance in EV71 infection and tropism, it is not the
only receptor that is implicated in EV71 infection. During EV71
infection process, other molecules can support attachment but
not uncoating. These molecules are known as “attachment
receptors” and they include P-selectin glycoprotein ligand-1
(PSGL-1) (Nishimura et al., 2009), annexin A2 (Anx2) (Yang
et al., 2011), vimentin (Du et al., 2014), sialylated glycan (Yang
et al., 2009), heparan sulfate glycosaminoglycan (Tan et al.,
2013), nucleolin (Su et al., 2015), fibronectin (He et al., 2018)
and prohibitin (Too et al., 2018). Attachment receptors lack the
uncoating function, thus SCARB2 has a stronger correlation with
EV71 infection processes compared to attachment receptors and
is the decisive receptor that mediates EV71 cell and tissue
tropism (He et al., 2014; Kobayashi and Koike, 2020).

miRNAs regulate EV71 tropism mainly by modulating the
expression of SCARB2. Directly, miR-127-5p targets the
SCARB2 mRNA 3’ untranslated region (UTR) and suppresses
expression of SCARB2 in Gaucher fibroblasts (Siebert et al.,
2014). Through further experiments, Feng et al. confirmed that
miR-127-5p expression was upregulated after EV71 infection
and that upregulation of miR-127-5p downregulated SCARB2
levels on cell surfaces through specific target binding, which
principally affected the susceptibility of uninfected cells to EV71
infection and cell tropism of EV71 (Feng C. et al., 2017). Jin et al.
found that downregulation of hsa-miR-3605-5p might advance
tSCARB2 expression in human embryonic kidney 293T cells
infected with coxsackievirus A16 (CVA16), thereby increasing
susceptibility to EV71/CVA16 (Jin et al., 2017). Moreover, miR-
202-3p (Li et al., 2020), miR-19a-5p (Siebert et al., 2014), and
miR-1262 (Siebert et al., 2014) attenuated expression of SCARB2
mRNAs and proteins in non-EV71-indected cells, providing a
basis for further research on EV71 infection and proliferation.

3.2 Effects of miRNAs on CNS
Invasion of EV71
As a classic species of neurotropic enteroviruses transmitted by
the fecal-oral route, EV71 proliferates in the digestive tract and
invades the brain and other tissues and organs, resulting in
encephalitis and other diseases (Ooi et al., 2010). After initial
infection in the gastrointestinal tract neurotropic enteroviruses
cross the blood-brain barrier (BBB) into the CNS through
multiple routes. Intensive studies on CNS invasion routes of
PVs have reported presence of three fundamental pathways
through which enteroviruses gain access to the CNS (Huang
and Shih, 2015; Chen et al., 2020). First, upon reaching the BBB
by hematogenous transport, enteroviruses directly infect brain
microvascular endothelial cells (BMECs) that constitute and
maintain the integrity as well as permeability of the BBB. For
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 389
instance, activation of the protein tyrosine phosphatase SHP-2
by PVR (Coyne et al., 2007) and attachment of PVs by mouse
transferrin receptor 1 (Mizutani et al., 2016) facilitate PV CNS
invasion by damaging BMECs. Second, enteroviruses hijack
retrograde axonal transport [transport of vesicles or substances
from the terminals along microtubules to the nerve cell body
(Millecamps and Julien, 2013)] and spread into spinal
motoneurons in the CNS through neuromuscular junctions.
For instance, PV gains entry into the CNS through receptor-
dependent and receptor-independent endocytosis at
neuromuscular junctions (Ohka et al., 2004; Ohka et al., 2012).
Third, peripheral circulating immune cells can serve as transport
vehicles that carry intracellular enteroviruses and pass the CNS
through the so-called “Trojan Horse” pathway. Previous studies
present that Coxsackieviruses (CVs) migrate to the CNS and
traverse the BBB by CV-infected myeloid cells (Tabor-Godwin
et al., 2010). Neurotoxic PV can also infect monocytes and
exhibits a stronger proliferation ability in these cells (Freistadt
and Eberle, 1996). Consequently, a hypothesis has been proposed
that monocytes carry PV across CNS (Squires, 1997), although
more studies should verify this hypothesis.

EV71 crosses the BBB and invades the CNS in similar ways as
PV, in which miRNAs are involved in regulation of several
pathways (Figure 1). With regards to the first route, Zhu et al.
(Zhu et al., 2019) and Wang et al. (Wang W. et al., 2020)
observed that EV71 infected BMECs with the capsid protein,
VP1, which reduced claudin-5, the junction protein of
endothelial cells, leading to increased BBB permeability and
upregulation of the EV71 receptor vimentin to facilitate
attachment. miR-2911 and miR-23b mediate neural invasion of
EV71 by directly targeting the VP1-coding sequence that
regulates VP1 translation (Wen et al., 2013; Li X. et al., 2018).
For the second route, Chen et al. (Chen et al., 2007) reported that
EV71 infected and entered the CNS through retrograde axonal
transport at spinal motor nerves. Lim et al. (Lim et al., 2021)
further showed that surface-expressed peripherin in motor
neurons provides anchor points for EV71 and contributes to
viral transmission, whereas intracellular peripherin modulates
EV71 genome replication, resulting in CNS infection. In
amyotrophic lateral sclerosis (ALS) patients, miR-105 and
miR-9 mainly dominate peripherin expression in motor
neurons by targeting the 3’UTR of peripheral mRNA (Hawley
et al., 2019); however, their effects on EV71 have not been
explored. In EV71-infected mouse neurons, miR-3473a plays a
role in axon guidance and Wnt signaling pathways, which
control axon growth and guidance (Van Battum et al., 2015)
and mediate neuronal positioning as well as axon development
(Salinas and Zou, 2008), respectively. Downregulation of miR-
3473a activates these two pathways and promotes retrograde
axonal transport of EV71 (Yang et al., 2017). For the third route,
EV71 was demonstrated to infect human CD14+ cells (Wang J.
et al., 2013), leukocytes (Nishimura et al., 2009), dendritic cells
(Lin et al., 2009), and other peripheral immune cells, increasing
the ability of EV71 to invade the CNS through the Trojan horse
pathway. miR-3473a was considered to modulate leukocyte
trans-endothelial migration and induce EV71-associated BBB
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disruption (Yang et al., 2017), however, studies should verify
this hypothesis.
4 NCRNAS AND NERVOUS SYSTEM
INJURY OF EV71

Although multiple complications have been reported, brainstem
encephalitis with associated neurological pulmonary edema is a
characteristic presentation of EV71 CNS infection (Wong et al.,
2000; Nolan et al., 2003; Ooi et al., 2010). Affected children
develop rapidly progressing cardiopulmonary failure that causes
death, which is attributed to respiratory failure and severe
pulmonary edema without intensive care. Autopsy and MRI
reports indicate that EV71 lesions are mainly located in the
ventral, medial, and lateral medulla oblongata (Zimmerman,
1999; Kao et al., 2004). In addition, EV71 has been detected in
other nerve tissues, such as the spinal cord, which may explain
generation of acute flaccid paralysis.

The pathogenesis of EV71-induced neurological
complications is caused by host-virus interaction including
direct damage by the virus and indirect injury mediated by
immune and inflammatory responses (Figure 2). Apoptosis is a
pivotal process for removing damaged cells and virus-infected
cells to resist EV71 infection. Viruses are cytotropic
microorganisms that completely rely on the host to survive,
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4910
and they regulate host cells survival and complete their life cycle
by mediating cell apoptosis to facilitate viral translation,
replication, assembly, and release. The balance between viral
replication and host apoptosis is t key for viral infection and
determines direct damage of the virus to the host. On the other
hand, the host counters against EV71 infection through innate
immune and acquired immune cells, while EV71 escapes
immune defense through several pathways, such as
intracellular parasitism and immune cell destruction.
Inflammatory cells infiltrate brain tissues mediated by virus
particles stimulation and immune response, which further
releases several inflammatory factors, such as IL-1, IL-6, IL-12,
as well as TNF-a; and aggravates nervous system injury.

4.1 Direct Damage of EV71 to the
Nervous System
4.1.1 Effect of ncRNAs on EV71 Replication
ncRNAs play a crucial regulatory role in various interactions
between viruses and their hosts (Esteller, 2011; Beermann et al.,
2016). EV71 hijacks host ncRNAs targeting proliferation-related
genes of the host or even the virus itself to constitute a
microenvironment that promotes EV71 replication.
Mechanisms of directly targeting EV71 genome sequence by
ncRNAs or modulating key host processes and signaling
pathways to inhibit or promote viral replication are presented
in this section (Table 1).
FIGURE 1 | Role of ncRNAs in EV71 invasion through blood-brain barrier. (A) Direct invasion. miR-23b and miR-2911 downregulate junction protein claudin-5 and
upregulate EV71 receptor vimentin, resulting in damage to blood-brain barrier and the attachment of EV71 through modulating VP1 expression. (B) Retrograde
axonal transport. miR-105 and miR-9 can target peripherin, which facilitates EV71 attachment and replication, to modulate viral retrograde axonal transport.
(C) “Trojan Horse” pathway. EV71 can hijack immune cells to intrude CNS, miR-3473a may mediate leukocyte trans-endothelial migration and induce BBB disruption
associated with EV71. “*”: non-EV71-infected disease model.
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The host suppresses EV71 replication through RNA
interference of the combination of miRNAs and the viral
genome, whereas EV71 downregulates the corresponding
miRNAs to circumvent its suppression. miR-296-5p targets
EV71 VP1 and VP3 coding sequences (2115 to 2135 nt and
2896 to 2920 nt) and is upregulated in the infected cells. miR-
296-5p is a key factor in resisting EV71 infection by preventing
synthesis of EV71 VP1/VP3 (Zheng et al., 2013). Several
miRNAs, including miR-2911 (Li X. et al., 2018), miR-23b
(Wen et al., 2013), and members of the miR-17-92 family (Fu
et al., 2019) can also modulate VP1 gene expression of EV71.
EV71 downregulates expression of miR-23b, miR-17-5p, and
miR-19a/b to strengthen virus invasion and host injury, whereas
miR-2911 expression is upregulated by initiation of the antiviral
damage system. Yang et al. explored the relationship between
miR-373 and miR-542-5p and EV71 replication, and revealed
that miR-373 and miR-542-5p directly target the 5’UTR of the
viral genome to inhibit EV71 replication (Yang and Tien, 2014).
Short hairpin RNAs (shRNAs) have been found to act as
therapeutic targets by antagonizing EV71 replication, whereas
29-mer shRNA effectively inhibits EV71 replication by targeting
EV71 3D(pol) (Tan et al., 2007). Additionally, ncRNAs target the
viral genome to modulate replication of EV71, as well as target
receptor-related genes. Further, the EV71 receptor, SCARB2
induces viral infection of cells to directly mediate viral
replication and cell tropism (Yamayoshi et al., 2009). miR-127-
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 51011
5p attenuates expression of SCARB2 mRNA and protein (Feng
et al.), thus restraining viral internalization and ultimately
abrogating virus immune escape. Furthermore, Liu et al. and
Sim et al. transfected rhabdomyosarcoma (RD) cells with siRNAs
targeting 2Apro (Liu et al., 2016), 3’UTR, 2C, 3C, and 3D (Sim
et al., 2005) region of EV71 genome separately, significantly
decreasing cytopathic effects of EV71 through RNA interference.
These findings indicate that ncRNAs are potential therapeutic
targets for preventing viral infection and alleviating body injury.

ncRNAs are involved in key processes and signaling pathways
to modulate viral biosynthesis. The nuclear protein Ran affects
several significant cellular processes, including the regulation and
control of cell cycle progression by mediating mitosis, and
nucleocytoplasmic transport associated with Ran GTPase
(Dasso, 2001; Clarke and Zhang, 2008). EV71-induced miR-
197 (Tang et al., 2016) and miR-134 (Orr-Burks et al., 2017)
target Ran gene, which assists nuclear transportation of viral
proteins 3D/3C and replication-associated proteins, ultimately
dampening EV71 replication. The life cycle of viruses is
dependent on the host translation machinery, whereby cap-
dependent protein translation is beneficial to the host whereas
cap-independent translation is beneficial to the virus. Notably, it
is evident that degradation of eukaryotic initiation factor 4E
(eIF4E) determines the progress of the switch between the two
translation processes (Richter and Sonenberg, 2005; Sukarieh
et al., 2010). Elsewhere, Ho et al. found that the eIF4E gene is
FIGURE 2 | Role of ncRNAs in central nervous system injury of EV71. EV71 injures CNS through direct damage by the virus and indirect injury mediated by immune
and inflammatory responses. On the one hand, ncRNAs mediate direct injury of EV71 by modulating viral replication and host apoptosis. (A) miR-296-5p, miR-197
and miR-21 separately target viral genome, key host proteins and NF-kB pathway to involve in regulation of viral replication. (B) miR-16-5p and miR-494-3p
respectively modulate cyclin expression and PI3K/Akt pathway to involve in regulation of host apoptosis. On the other hand, ncRNAs indirectly damage CNS through
immunological concomitant inflammatory response and cytokines induction. (C) miR-30a promotes CNS damage by regulating immune and inflammatory responses,
and (D) miR-124 upregulates the key pro-inflammatory cytokine, IL-6, aggravating damage induced by EV71. Red words indicate “upregulation”; green words
indicate “downregulation”.
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TABLE 1 | ncRNAs involved in EV71 replication.

ncRNAs Expression Target Description Process Disease model Reference

miR-296-
5p

up EV71
VP1 and
VP3

miR-296-5p decreases EV71 replication by
interacting with viral VP1vand VP3 genes

EV71
replication

in vitro: EV71 infected RD and SK-N-SH cells (Zheng
et al.,
2013)

miR-373,
miR-542-
5p

unknown 5’UTR of
EV71
genome

miR-373 and miR-542-5p inhibit EV71
replication by targeting 5’-UTR of viral
genome

EV71
replication

in vitro: EV71 infected RD cells (Yang and
Tien, 2014)

miR-2911 up EV71
VP1

miR-2911 reduces EV71 replication by directly
targeting the VP1-coding sequence

EV71
replication

in vitro: EV71(Fuyang-0805 and Lianyungang2015)
infected Vero cells

(Li X. et al.,
2018)

miR-23b down EV71
VP1

downregulated miR-23b advances EV71
replication by targeting the VP1 gene 3’UTR

EV71
replication

in vitro: EV71 (Fuyang No. EU703812) infected RD cells (Wen et al.,
2013)

miR-17-
5p, miR-
19a/b

down EV71
VP1

downregulated miR-17-5p and miR-19a/b
enhance EV71 replication by targeting EV71
gene VP1

EV71
replication

in vitro: EV71 (strain FY0805) infected Vero cells (Fu et al.,
2019)

miR-18a,
miR-452

up EV71
VP3

miR-18a and miR-452 decrease EV71
replication by expression inhibition of VP3

EV71
replication

in vitro: EV71 (Hubei-09 strain GU434678.1) infected RD
cells

(Yang
et al.,
2021)

29-mer
shRNA

: EV71 3D
(pol)

29-mer shRNA most effectively inhibits EV71
replication by targeting EV71 3D(pol)

EV71
replication

in vitro: EV71 infected RD cells (Tan et al.,
2007)

miR-127-
5p

up SCARB2 miR-127-5p downregulates the expression of
SCARB2 by target SCARB2-coding gene 3’
UTR

EV71
replication

in vitro: EV71 (Fuyang0805 strain) infected HeLa and
HepG2 cells

(Feng C.
et al.,
2017)

miR-197 down Ran downregulated miR-197 facilitates EV71
replication by suppressing Ran to assist
transportation of viral 3D/3C and replication
protein

EV71
replication

in vitro: EV71 (2231 TW strain) infected HEK 293T and
RD cells

(Tang
et al.,
2016)

miR-134 unknown Ran miR-134 represses EV71 replication by
decreasing Ran expressions

EV71
replication

in vitro: EV71 infected Hep2 and RD cells (Orr-Burks
et al.,
2017)

miR-141 up eIF4E miR-141 promotes EV71 replication by
targeting eIF4E for shutoff of host protein
synthesis

EV71
replication

in vitro: EV71 infected RD cells (Ho et al.,
2011)

miR-876-
5p

up CREB5 miR-876-5p accelerates EV71 replication by
targeting host CREB5

EV71
replication

in vitro: EV71 (2231 Taiwan strain) infected RD and SK-
N-SH cells

(Xu et al.,
2020)

miR-155 up PICALM miR-155 inhibits EV71 replication by targeting
PICALM

EV71
replication

in vitro: EV71 infected RD and SK-N-SH cells (Wu et al.,
2019)

miR-30a down Beclin-1 downregulated miR-30a advances EV71
replication by targeting 3’ UTR of Beclin-1
transcripts to inhibit autophagy

EV71
replication

in vitro: EV71 infected Hep2 and Vero cells (Fu et al.,
2015)

miR-30a up MyD88 miR-30a facilitates EV71 replication by
targeting MyD88 and subsequently inhibits
IFN-1 production

EV71
replication

in vitro: EV71 infected OE cells (Wang Y.
et al.,
2020)

miR-548 down IFN-l1 downregulated miR-548 decrease EV71
replication by enhancing IFN-l1 expression

EV71
replication

in vitro: EV71 (C4 subtype) infected RD cells (Li et al.,
2013)

miR-155-
5p

up FOXO3,
IRF7

miR-155-5p facilitates EV71 replication by
negatively regulating FOXO3/IRF7 axis to
inhibit IFN-1 response

EV71
replication

in vitro: EV71 (BrCr strain) infected RD cells; in vivo:
EV71 (BrCr strain) infected C57BL/6 mice

(Yang
et al.,
2020)

lncRNA-
AK097647

up unknown lncRNA AK097647 facilitates EV71 replication
by decreasing IFN-l1

EV71
replication

in vitro: EV71 (BrCr strain) infected RD cells (Chu et al.,
2021)

lncRNA AK097647 induces the
phosphorylation of NF-kB

miR-526a down CYLD downregulated miR-526a promotes EV71
replication by targeting CYLD to promote the
RIG-I-dependent NF-kB pathway

EV71
replication

in vitro: EV71 (GDV-103 strain) infected RD cells (Xu et al.,
2014)

miR-9-5p down NF-kB downregulated miR-9-5p promotes EV71
replication by targeting NF-kB and improving
its expression

EV71
replication

in vitro: EV71 (Shenzhen strain AF30299.1) infected
HEK 293T, Vero, RD, HT‐29, HeLa, and THP‐1 cells; in
vivo: EV71 (Shenzhen strain AF30299.1) infected ICR
mice

(Li and
Zheng,
2018)

miR-146a up TRAF6,
IRAK1

miR-146a accelerates EV71 replication by
targeting TRAF6 and IRAK1

EV71
replication

in vivo: EV71 infected RD cells (Ho et al.,
2014; Fu
et al.,
2017)

TRAF6 activates the NF-kB pathway

miR-545 up TRAF6 miR-545 advances EV71 replication by
attenuating TRAF6 expression

EV71
replication

in vitro: EV71 infected HEK 293T and RD cells (Sun et al.,
2019)
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combined and cleaved by upregulated miR-141 resulting in
shutoff of the host protein synthesis and generation of viral
proteins (Ho et al., 2011).

In addition, it has been found that ncRNAs are associated
with dysregulated signaling pathways (Figure 3). The nuclear
factor-kappa B (NF-kB) pathway regulates several genes related
to cell proliferation, differentiation, innate immune response,
and inflammatory cytokine production (Perkins, 2012). NF-kB
pathway plays an essential role in EV71 pathogenicity, which is
represented by the viral 2C protein, which suppresses NF-kB
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 71213
pathway activation to promote viral replication (Tung et al.,
2010; Du H. et al., 2015). Myeloid differentiation factor 88
(MyD88) and IL-1 receptor-associated kinase-1 (IRAK1)
modulate initiation of the Toll-like receptor-dependent NF-kB
pathway (Hayden et al., 2006). According to Feng N. et al.
(2017), it is demonstrated that miR-21 promotes EV71
replication by suppressing the NF-kB pathway mediated by
MyD88 and IRAK1. Moreover, other studies including Ho
et al. (2014) and Fu et al. (2017) confirmed that miR-146a
downregulates expression of TNF receptor-associated factor 6
TABLE 1 | Continued

ncRNAs Expression Target Description Process Disease model Reference

miR-628-
5p

Up TRAF3 miR-628-5p promotes EV71 replication by
inhibiting TRAF3 expression

EV71
replication

in vitro: EV71 infected RD cells (Li et al.,
2021)

miR-21 up MyD88,
IRAK1

miR-21 promotes EV71 replication by
targeting MyD88 and IRAK1

EV71
replication

in vitro: EV71 infected HCoEpiC and Human NCM460
cells

(Feng N.
et al.,
2017)MyD88 and IRAK1 activate the NF-kB

pathway
miR-124 up IL-6R,

STAT3
miR-124 promotes EV71 replication by
restraining the expression of IL-6R and STAT3

EV71
replication

in vitro: EV71 infected RD and HeLa cells (Chang
et al.,
2017)

miR-302 down KPNA2 downregulated miR-302 promotes EV71
replication by targeting KPNA2 to regulate the
JNK pathway

EV71
replication

in vitro: EV71 (Xiangyang strain JN230523.1) infected
HEK293T and RD cells

(Peng
et al.,
2018)

let-7c-5p up MAP4K4 MAP4K4 is a key inhibitory factor of the JNK
pathway

EV71
replication

in vitro: EV71 infected RD cells (Zhou
et al.,
2017)let-7c-5p remotes EV71 replication by

inhibiting MAP4K4 expression
miR-103,
miR-107

down SOCS3 downregulated miR-103 and miR-107
increase EV71 replication and suppress
production of IFN-1 by regulating SOCS3/
STAT3 pathway

EV71
replication

in vitro: EV71 (BrCr strain) infected Vero and RD cells (Huang
et al.,
2021)
April 2022 | Volume 12 | Art
FIGURE 3 | Role of ncRNAs in activation of NF-kB pathway with TLR signaling as an example. Toll-like receptors activate and recruit TIR-containing adaptor
molecules, MyD88 and TRIF, which prime downstream effectors respectively, under the stimulation of signals such as LPS. Both of upstream signal paths finally
transfer signals to IKKs, the protein kinase of IkB, and relieve inhibition of NF-kB. miR-628-5p, miR-21, miR-146a, miR-545 and miR-9-5p play an essential role in
this process.
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(TRAF6), which regulates activation of NF-kB pathway (Xia
et al., 2011), and hence facilitates viral biosynthesis. However,
downregulated miR-526a (Xu et al., 2014) and miR-9-5p (Li and
Zheng, 2018) induced by EV71 infection facilitate EV71
replication by activating the NF-kB pathway. These conflicting
results may be ascribed to multiple functions of NF-kB in
different cases. Under physiological conditions, NF-kB
mediates immune response to resist external invasion, whereas
aberrant regulation of NF-kB is implicated in cancer
development and EV71 pathogenicity (Baud and Karin, 2009;
Tung et al., 2010; Jin et al., 2018). In addition, Chu et al. reported
that lncRNA-AK097647 has been found significantly
upregulated during EV71 infection, which facilitates EV71
replication through blocking interferon-l1 secretion and
inducing the phosphorylation of NF-kB (Chu et al., 2021).

In conclusion, these findings indicate that ncRNAs regulate
viral replication by targeting key virus and host genes. In the
future, we can target these ncRNAs to inhibit EV71 replication
and reduce body injury.

4.1.2 ncRNAs and Host Apoptosis Induced by EV71
Host injury affected by viruses is influenced by apoptosis. Viruses
regulate the host apoptosis to complete their replication cycle,
whereas virus-infected host cells initiate apoptotic pathways to
resist viral infection and reduce virus damage on the body
(Benedict et al., 2002; Orzalli and Kagan, 2017). The
endogenous mitochondrial cytochrome C pathway and
exogenous death receptor Fas/FasL pathway are the key
pathways in controlling cell apoptosis. The cascade of caspase
protease family activation, which is the mutually terminal
process of the two pathways, contributes to decomposition of
potentially harmful cells (Sen, 1992; Riedl and Shi, 2004; Green
and Llambi, 2015). ncRNAs control EV71-related cell apoptosis
by regulating protein expression and signal transduction of the
caspase pathway (Table 2).

Cyclin D1 (CCND1) and cyclin E1 (CCNE1) are the main
regulators of G1 phase progression (Blomen and Boonstra,
2007). Notably, miR-16-5p (Zheng et al., 2017), and miR-let-
7b (Du X. et al., 2015) abrogate EV71 replication through
inhibition of CCND1 synthesis and initiation of caspase-
dependent apoptosis. Furthermore, endogenous miR-let-7b
released from injured neurons can induce neuronal cell death
through Toll-like receptor (TLR) 7 signaling (Lehmann et al.,
2012). Son of sevenless homolog 1 (SOS1) is a critical anti-
apoptotic protein associated with TNFa-induced apoptosis
(Kurada et al., 2009; Hao et al., 2018), Growth arrest and DNA
damage-inducible protein 45b (GADD45b) promotes apoptosis
by upregulating expression of the apoptosis-related factors,
caspase-3 and p53 (Ou et al., 2010; Yu et al., 2013). Elsewhere,
Chang et al. (Chang et al., 2015) reported that induction of miR-
146a and degradation of miR-370 together trigger apoptosis of
the EV71-infected cells by targeting SOS1 and GADD45b,
respectively. Moreover, the long non-coding RNA, lnc-IRAK3-
3 was found to capture miR-891b upregulate GADD45b
expression and eventually promote host apoptosis (Liao et al.,
2019). Moreover, Lu et al. filtered differentially expressed
ncRNAs associated with EV71 infection, including 6 lncRNAs,
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 81314
28 miRNAs, and 349 mRNAs. Their further studies reported that
MALAT1/miR-194-5p/DUSP1 axis, a lncRNA-miRNA-mRNA-
associated competing endogenous RNA regulatory network,
involved in host apoptosis induced by EV71 infection (Lu
et al., 2021).

Phosphatidylinositide 3-kinase (PI3K)/Akt is an important
signaling pathway that mediates cell survival, growth, and
metabolism (Osaki et al., 2004; Soulard and Hall, 2007;
Ediriweera et al., 2019), This pathway attenuates cell apoptosis
by inhibiting phosphorylation of caspase-9 and Bad protein
(members of the B-cell lymphoma-2 family) (She et al., 2005;
Hohenester et al., 2010). Phosphatase and tensin homologue
(PTEN) facilitates dephosphorylation of Akt and hence prevents
the events of downstream signaling that are regulated by Akt,
and thus it is a negative regulator of the PI3K/Akt pathway (Song
et al., 2012). The function of PTEN in inhibiting cell apoptosis
has been shown in multiple cell types, including kidney cancer
cells, mouse mammary epithelia and B lymphocytes (Dupont
et al., 2002; Lin et al., 2007; Cheng et al., 2009). Notably, miR-
494-3p expression is significantly upregulated following EV71
infection, repressing host apoptosis and promoting EV71
replication through degeneration of PTEN. Overexpression of
miR-494-3p mimics antagonizes this process by restoring miR-
494-3p levels of expression and activating the PI3K/Akt pathway
(Zhao et al., 2018). miR-545 separately targets PTEN and TRAF6
and activates PI3K/Akt and NF-kB pathways to modulate EV71
replication and host apoptosis (Sun et al., 2019). Epidermal
growth factor receptor (EGFR) is an activator of the PI3K/Akt
pathway (Guo et al., 2015), and is upregulated by EV71-induced
downregulation of miR-27a and eventually inhibits nerve cell
apoptosis (Zhang et al., 2014).

These findings indicate that hosts and viruses fight for
damage and anti-damage around viral replication and host
apoptosis, which are regulated by ncRNAs. These ncRNAs can
serve as therapeutic targets to inhibit viral life cycle and alleviate
host injury in EV71 treatment.
4.2 Indirect Injury Mediated by Immune
and Inflammatory Responses
Although inflammation is a protective response to minimize
pathogen spread and promote the recovery of damaged tissue, a
dysregulated inflammatory response results in various
inflammatory in jur i e s (Nathan and Ding , 2010) .
Immunological concomitant inflammatory injury is the major
damage mode of EV71 to hosts with severe nervous system
diseases such as neurogenic pulmonary edema (Lin et al., 2003;
Huang et al., 2011; Griffiths et al., 2012; Yu et al., 2019). A
complex immune defense mechanism is triggered when EV71
infects the body, which is accompanied by resistance mediated by
the innate immune response to exogenous pathogens and
activation of acquired immune response mediated by antigen-
presenting cells (Edsall, 1949). Subsequently, the activated
immune-related cells (innate immune cells and specific
immune cells) release cytokines and inflammatory factors,
which may cause immune-mediated inflammatory injury in
pathological conditions. Effects of ncRNAs on immune and
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inflammatory responses as well as cytokine expression are
discussed in the subsequent section (Table 3).

4.2.1 Role of ncRNAs in Immune and Inflammatory
Responses During EV71 Infection
Innate immune system serves as the first line of defense against
exogenous pathogens and internal apoptosis, aberrant cells, and
other “nonself” components. Chemokines and cytokines are
released and inflammatory response is initiated after rapid
activation of innate immune cells through recognition of
foreign or harmful substances. Recognition of viruses is
primarily initiated by pattern recognition receptors (PRRs),
including Toll-like receptors (TLRs), retinoic acid inducible-
gene I (RIG-I)-like receptors, NOD-like receptors (NLRs), and
C-type lectin receptors (Takeuchi and Akira, 2010; Fitzgerald
and Kagan, 2020). Serving as a key target of viruses against body
immunity, MyD88 is an essential adaptor molecule for TLR
signaling cascades (Takeda and Akira, 2004). Research
conducted by Wang et al., illustrated that overexpression of
miR-30a upon EV71 infection inhibited innate immunity by
repressing type I interferon production, and the direct target of
miR-30a, MyD88, played a key role in this process (Wang Y.
et al., 2020). Analogously, miR-21 targets MyD88 and IRAK1 to
reduce the level of type I interferon through the TLR pathway
(Feng N. et al., 2017). In addition, Xu et al. reported that RIG-I
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 91415
activity is mediated by miR-526a through inhibition of CYLD
expression, which negatively regulates generation of type I
interferon (Xu et al., 2014). Overexpression of miR-9-5p which
is induced by EV71 also inhibits RIG-I-dependent innate
immune response by targeting NF-kB (Li and Zheng, 2018).
These ncRNAs control occurrence of inflammatory response by
mediating innate immunity, while the recognition receptors of
innate immune cells, PRRs, are involved in transcriptional
regulation of inflammatory mediators (Takeuchi and Akira,
2010; Luo et al., 2019). For instance, overexpression of pro-
inflammatory cytokines (TNF-a, IL-6, and IL-1) induced by
EV71 is restored through modulation of RIG-associated miR-9-
5p (Li and Zheng, 2018). In innate immune response,
macrophages play an important role in the initiation,
maintenance and dissipation of inflammation, and Early
Growth Response 1 (EGR1) inhibits expression of pro-
inflammatory genes in macrophages (Trizzino et al., 2021). Hu
et al. evaluated the relationship of circRNA/miRNA/mRNA
associated with EV71 infection, and eventually screened
hsa_circ_0017115/hsa-miR-150-5p/EGR1 axis (Hu et al., 2021),
which might regulate inflammatory response through interaction
between EGR1 and macrophages.

Acquired immune cells are activated by stimulation of antigen
signals and play an essential role in resisting infections (Edsall,
1949). Chang et al. (2006) and Yang et al. (2001) found that
TABLE 2 | ncRNAs involved in host apoptosis.

ncRNAs Expression Target Description Process Disease model Reference

miR-16-
5p

up CCND1,
CCNE1

miR-16-5p promotes host apoptosis by targeting
CCNE1 and CCDN1

Apoptosis in vitro: EV71 (GZ-CII strain) infected RD, CCF-
STTG1 and SK-N-SH cells; in vivo: KM and
ICR mice

(Zheng
et al.,
2017)

miR-let-
7b

up CCND1 miR-let-7b promotes host apoptosis by inhibiting
CCND1 expression

Apoptosis in vitro: EV71 infected SH-SY5Y cells (Du X.
et al.,
2015)

miR-
146a

up SOS1 miR-146a promotes EV71-induced host apoptosis by
targeting 3’UTR of SOS1 gene

Apoptosis in vitro: EV71 infected RD cells (Chang
et al.,
2015)SOS1 accelerates cell apoptosis

miR-370 down GADD45b downregulated miR-370 advances EV71-induced
apoptosis by targeting GADD45b

Apoptosis in vitro: EV71 infected RD cells (Chang
et al.,
2015)

lnc-
IRAK3-3

up miR-891b lnc-IRAK3-3 restrain the expression of miR-891b to
promote host apoptosis

Apoptosis in vitro: EV71 infected RD cells (Liao et al.,
2019)

miR-
891b

down GADD45b miR-891b is inhibited by lnc-IRAK3-3 downregulated
miR-891b increases host apoptosis by raising GADD45b
generation

Apoptosis in vitro: EV71 infected RD cells (Liao et al.,
2019)

miR-874 down GZMB downregulated miR-874 facilitates host apoptosis by
reducing GZMB expression

Apoptosis in vitro: EV71 infected Jurkat cells (Zhang M.
et al.,
2020)

miR-27a down EGFR downregulated miR-27a inhibits host apoptosis by
enhancing EGFR expression and initiating PI3K/AKT
pathway

Apoptosis in vitro: EV71 infected RD and SK-N-SH cells (Zhang
et al.,
2014)

The activation of the PI3K/AKT pathway suppresses
host apoptosis

miR-
494-3p

up PTEN miR-494-3p inhibits host apoptosis by targeting PTEN
and initiating PI3K/Akt signaling pathway

Apoptosis in vitro: EV71 infected RD and HEK 293T cells (Zhao
et al.,
2018)PTEN is an inhibitor of the PI3K/AKT pathway

miR-545 up TRAF6,
PTEN

miR-545 inhibits host apoptosis by attenuating PTEN
expression

Apoptosis in vitro: EV71 infected RD and HEK 293T cells (Sun et al.,
2019)

lncRNA-
MALAT1

up miR-194-
5p

lncRNA- MALAT1 induces host apoptosis by MALAT1/
miR-194-5p/DUSP1 ceRNA regulatory axis

Apoptosis in vitro: EV71 (87-2008 Xi’an Shaanxi strain)
infected RD cells

(Lu et al.,
2021)
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cellular rather than humoral immunity is associated with host
acquired immune response against EV71 infection. Dicer serves
as an RNase III enzyme and modulates production of mature
miRNAs (Burger and Gullerova, 2015). Knockout of Dicer
during the early stage of lymphocyte development shows that
miRNAs play a key role in T-cell proliferation as indicated by a
90% reduction in T cells in circulation (Cobb et al., 2005).
Moreover, miRNAs are implicated in production of CD4+
Treg cells and Th2 cells late T cell differentiation (Muljo et al.,
2005). Previous studies conducted by Thai et al. (2007) and
Rodriguez et al. (2007) discovered that miR-155 knockout mice
were unable to mount an effective acquired immune response
and showed a selective tendency towards Th2 phenotype.
Subsequent studies established that miR-155 was conducive to
Treg development by targeting suppressor of cytokine signaling 1
(SOCS1) (Lu et al., 2009). Furthermore, Liu et al. (2008) showed
that miR-181a induces CD4+ and CD8+ double-positive (DP) T
cell development. Th1 cells mainly produce IFN-g, which has
been proven to be a pro-inflammatory factor (Farrar and
Schreiber, 1993). Moreover, Th2 and Treg cells mainly produce
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 101516
IL-10, which serves as an anti-inflammatory factor and prevents
excessive tissue disruptions caused by inflammation (Ouyang
et al., 2011). These results indicate that ncRNAs contribute to
inflammation by releasing inflammatory factors through
regulation of T cell differentiation and initiating T
lymphocytes. However, studies have not explored the effects of
ncRNAs on T-cell development and differentiation in EV71-
induced disease models.

4.2.2 Role of ncRNAs in Expression of
EV71-Induced Cytokines
Abundant cytokines and chemokines are released from activated
immune and apoptotic cells induced by EV71, including IFNs,
IL-6, IL-13, IL-1b, and TNF-a among other inflammatory
mediators (Huang et al., 2011; Ouyang et al., 2011; Griffiths
et al., 2012; Luo et al., 2019; Yu et al., 2019). Pro-inflammatory
cytokines (such as IL-6, IL-12, IL-1b, TNF-a, and IFN-g) play a
significant role in EV71-mediated CNS inflammatory injury (Lin
et al., 2003). The key pro-inflammatory mediator, IL-6, is the
main pathogenic factor for pulmonary edema-associated
TABLE 3 | ncRNAs involved in immune and inflammatory responses.

ncRNAs Expression Target Description Process Disease model Reference

miR-21 up MyD88,
IRAK1

miR-21 reduces the production of IFN-1 by
targeting MyD88 and IRAK1

pro-
inflammatory
factor

in vitro: EV71 infected HCoEpiC and Human NCM460
cells

(Feng N.
et al.,
2017)

miR-30a up MyD88 miR-30a reduces the production of IFN-1
by targeting MyD88 and IRAK2

pro-
inflammatory
factor

in vitro: EV71 infected OE cells (Wang Y.
et al.,
2020)

miR-
526a

down CYLD miR-526a rises the level of IFN-1 through
the RIG-I-dependent pathway

anti-
inflammatory
factor

in vitro: EV71 (GDV-103 strain) infected RD cells (Xu et al.,
2014)

miR-9-
5p

down NFkB miR-9-5p inhibits excessive production of
IL-6, IL-1b, and TNF-a induced by EV71

anti-
inflammatory
factor

in vitro: EV71 (Shenzhen strain AF30299.1) infected HEK
293T, Vero, RD, HT‐29, HeLa, and THP‐1 cells; in vivo:
EV71 (Shenzhen strain AF30299.1) infected ICR mice

(Li and
Zheng,
2018)miR-9-5p increases production of IFN-1 by

targeting NFkB
miR-
146a

up IRAK1,
TRAF6

miR-146a reduces the expression of IFN-b
by targeting IRAK1 and TRAF6

pro-
inflammatory
factor

in vivo: EV71 infected RD cells (Ho et al.,
2014; Fu
et al.,
2017)

miR-
155-5p

up FOXO3,
IRF7

miR-155-5p inhibits IFN-1 response by
negatively regulating the FOXO3/IRF7 axis

pro-
inflammatory
factor

in vitro: EV71 (BrCr strain) infected RD cells; in vivo: EV71
(BrCr strain) infected C57BL/6 mice

(Yang
et al.,
2020)

miR-545 up PTEN,
TRAF6

miR-545 inhibits IFN-1 generation by
attenuating TRAF6 and PTEN expression

pro-
inflammatory
factor

in vitro: EV71 infected HEK 293T and RD cells (Sun et al.,
2019)

miR-
628-5p

up TRAF3 miR-628-5p inhibits IFN-b expression by
targeting TRAF3

pro-
inflammatory
factor

in vitro: EV71 infected RD cells (Li et al.,
2021)

miR-
103,
miR-107

down SOCS3,
STAT3

miR-103 and miR-107 advance the level of
IFN-1 by targeting SOCS3

anti-
inflammatory
factor

in vitro: EV71 (BrCr strain) infected Vero and RD cells (Huang
et al.,
2021)

miR-124 up IL-6R,
STAT3

miR-124 enhances the level of IL-6 by
targeting IL-6R

pro-
inflammatory
factor

in vitro: EV71 infected RD and HeLa cells (Chang
et al.,
2017)

miR-302 down KPNA2 KPNA2 overexpression promotes EV71-
induced production of the IL-6 and TNF-a

anti-
inflammatory
factor

in vitro: EV71 (Xiangyang strain JN230523.1) infected HEK
293T and RD cells

(Peng
et al.,
2018)miR-302 inhibits the expression of KPNA2

mRNA and protein
let-7c-
5p

up MAP4K4 MAP4K4 is a key inhibitory factor of the
JNK pathway let-7c-5p promotes IL-6 and
TNF-a by inhibiting MAP4K4 expression

pro-
inflammatory
factor

in vitro: EV71 infected RD cells (Zhou
et al.,
2017)
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encephalitis (Lin et al., 2002; Luo et al., 2019). Further, the
ncRNAs modulate expression of inflammatory cytokines during
EV71 infection. A separate study conducted by Chang et al.
(Chang et al., 2017) found that miR-124 decreased the level of IL-
6 by directly targeting IL-6R and hence promoted EV71
pathogenesis. Moreover, let-7c-5p, which also acts as a pro-
inflammatory factor, increases production of IL-6 and TNF-a
through the MAP4K4-mediated c-Jun N-terminal kinase (JNK)
pathway (Zhou et al., 2017). Analogously, miR-302 has exhibited
an anti-inflammatory function by inhibiting EV71-induced
generation of IL-6 and TNF-a to alleviate body damage
through the miR-302/karyopherin a2 (KPNA2) axis associated
with the JNK pathway (Peng et al., 2018). An investigation
conducted by Li et al. reported that excessive production of IL-
6, IL-1b, and TNF-a was transferred to physiological levels by
anti-inflammatory factor miR-9-5p through modulation of the
RIG-I-dependent NF-kB pathway (Li and Zheng, 2018). In
addition, several ncRNAs, such as miR-103, miR-107 (Huang
et al., 2021), miR-146a (Ho et al., 2014; Fu et al., 2017), miR-155-
5p (Yang et al., 2020), miR-545 (Sun et al., 2019), and miR-628-
5p (Li et al., 2021) negatively or positively affect inflammatory
response by modulating expression of interferons. Accordingly,
EV71 facilitates inflammatory injury by upregulating pro-
inflammatory factors such as miR-124 and downregulating
inflammatory factors such as miR-302. Many researchers have
reported the role of lncRNAs in secretion of enteroviruses-
mediated inflammatory factors. In Coxsackievirus B3 infection,
Cao et al. found that lncRNA HIF1A-AS1 activated NF-kB
pathway by targeting miR-138, and presented a role of pro-
apoptosis and pro-inflammation (Cao et al., 2020). However,
EV71-associated lnRNAs in immune and inflammatory
responses have not been clarified, more attention should be
paid to lncRNAs because of their important potential.
5 POTENTIAL CLINICAL APPLICATION OF
NCRNAS IN HFMD

5.1 ncRNAs and HFMD Diagnosis
Additional laboratory tests are generally deemed unnecessary for
mild cases of HFMD because it is a self-limiting disease (Cox and
Levent, 2018). However, classification of pathogenic enterovirus
and definitive therapy is crucial in the presence of severe or fatal
neurological complications associated with HFMD. For instance,
the early clinical symptoms of EV71 and CVA16 (the two main
pathogens of HFMD) are similar, but few patients with EV71
infection may progress into serious CNS complications;
nevertheless, most patients with CVA16 infection show good
prognosis (Liu et al., 2015). The golden criterion for diagnosis of
enterovirus infection is isolation of viruses from clinical samples,
which is time-consuming and laborious (Ooi et al., 2010).
Quantitative real-time PCR (qRT–PCR) is a fast method which
is developed to circumvent the limitations of conventional
diagnostic methods. However, the method is associated with a
high number of false-positive and false-negative results owing to
the high rate of gene mutation in enterovirus (Perera et al., 2004;
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 111617
Chen et al., 2006). Furthermore, the ncRNAs have highly stable
physical and chemical properties during circulation; and thus they
can rapidly and conveniently provide an alternative diagnosis
strategy for HFMD (Grasedieck et al., 2012; Zhang et al., 2019).

Accumulating studies indicate that ncRNAs can serves as
potential candidate biomarkers for the diagnosis of HFMD. A
miRNA-based predictionmodel of HFMDwas established byMin
et al. (Min et al., 2018), results of the study showed that circulating
salivary hsa-miR-221 was continuously and significantly
downregulated in all HFMD cohorts. The detection of
circulating salivary hsa-miR-221 could be used as a convenient
diagnostic method for HFMD. Li Y. et al. (2018) analyzed lncRNA
and mRNA expression profiles associated with EV71 infection,
and 23 lncRNAs and 372 mRNAs with remarkable differential
expression were found between infected and uninfected RD cells.
Subsequent studies discovered that these lncRNAwere involved in
EV71 infection-induced pathogenesis. Additionally, ncRNA can
be used to differentiate HFMD caused by EV71 and CVA16,
providing a basis for clinical treatment. Cui et al. (2011) reported
that miR-545, miR-324-3p, and miR-143 can be used to effectively
distinguish EV71 and CVA16 infections in patients with HFMD.
Moreover, an investigation conducted by Liu et al. (2020)
indicated that patients with EV71-induced HFMD presented
significantly higher levels of serum miR-494 as compared with
the level in healthy people or those with CVA16-induced HFMD,
showing its potential diagnostic value. In addition, ncRNAs play
an important role in prediction of disease severity. Meng et al.
analyzed the dynamic differential expression profile of lncRNAs
and filtered out 10 lncRNAs that were differentially expressed in
patients with HFMD presenting with different severities (Meng
et al., 2017). Similarly, the comparison of miRNA expression
profiles between patients with mild and severe HFMD shows
that miR-671-5p, miR-16-5p, and miR-150-3p are potential
diagnostic markers for differentiating severity of HFMD (Jia
et al., 2014). Furthermore, the level of miR-876-5p is 9.5-fold
higher in severe cases than level in cases with mild EV71
symptoms, and the clinical symptoms were alleviated after
knockdown of miR-876-5p (Wang et al., 2016). In addition,
there are ncRNAs serving as biomarkers for HFMD caused by
other non-EV71 and non-CVA16 enteroviruses. Coxsackievirus
B5 (CVB5) is a major pathogen of HFMD, which has an
increasing incidence in recent years. Teng et al. analyzed the
lncRNA profile of CVB5 infected RD and SH−SY5Y cells through
RNA sequencing, and revealed the potential of lncRNA-IL12A as a
biomarker (Teng et al., 2022). These studies indicate that ncRNAs
have significant potential for application in clinical diagnosis
of HFMD.

5.2 ncRNAs and Treatment
of EV71-Induced HFMD
Several studies have explored the potential of ncRNAs as
therapeutic targets for treatment of the disease. Studies on
miRNAs have achieved positive results and miRNAs are applied
in clinical practice (Lee et al., 2020). Novel antiviral drugs have been
developed by mainly modulating the function of miRNAs to
enhance their roles through mimics and downregulate their roles
April 2022 | Volume 12 | Article 873304
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through inhibition using antisense oligonucleotides (ASOs)
(Beermann et al., 2016). As mentioned above, ncRNAs modulate
progression of EV71-induced HFMD by regulating the viral life
cycle and host immune and inflammatory responses; therefore,
these processes can serve as potential therapeutic targets. The
miRNAs such as miR-296-5p, miR-197, miR-16-5p, and miR-27a
inhibit EV71 proliferation and reduce host injury by modulating
viral replication and host apoptosis, respectively. The miRNA
analogues can be designed for treatment of EV71-induced
HFMD. In addition, inhibitors of proinflammatory factors such as
miR-21, miR-146a, and miR-124 can modulate immune response
and hence relieve inflammatory injury caused by EV71. Clinical
trials of miRNAs based on therapy in cancers are underway
implying that miRNA-based therapy for HFMD may be realized
in the future (Janssen et al., 2013; van Zandwijk et al., 2017).

However, some limitations were noted in the current study,
several of which should be solved before miRNAs can be
applied in clinical practice. First, some miRNAs, such as the
miR-143/145 cluster (Dimitrova et al.) mentioned above,
exhibit opposite effects under different conditions, and thus
unified standards of the disease model should be determined.
Second, it has been noted that one miRNA can target several
genes, whereas one gene can be targeted by several miRNAs.
Studies should explore strategies to ensure that miRNAs act on
desired targets and to minimize side effects. Third, miRNAs
function in multiple organs of the whole body, and the blood-
brain barrier blocks entry of most pathogens and drugs.
Methods for facilitating miRNA-targeted transport to the
brain and across the blood-brain barrier should be explored.
Finally, stability of mRNAs should be improved and rapid
degeneration of miRNAs should also be minimized.
Therefore, further studies should be conducted to explore the
role and mechanism of miRNAs in HFMD induced by EV71.
6 CONCLUSIONS AND PERSPECTIVE

As the main pathogen of HFMD with severe neurological
complications, EV71 significantly does harm to patient health
and results in a huge economic burden. Therefore, explore
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 121718
neuropathogenic mechanism of EV71 is necessary for reducing
severe cases and for development of effective therapeutic ways.
We illustrate recent advances concerning the role of ncRNAs in
EV71-induced CNS infection and CNS injury by virus-host
interaction. As the essential molecules of gene regulation,
ncRNAs present broad clinical application prospects.
Especially in diagnosis of HFMD, the different expression of
ncRNAs have potential in prediction of disease severity and
differentiation of HFMD. In conclusion, ncRNAs are closely
related to EV71-induced infection progression and virus-host
interaction, as well as represent a significant potential direction
for therapeutic and diagnostic research. Among them, miRNAs
were widely reported in regulation of EV71 life cycle and host
immune response. However, although lncRNAs have been
shown to participate in viral replication, host apoptosis, and
immune and inflammatory responses in enteroviruses infection
(Shi et al., 2016; Liu et al., 2019; Zhang Y. et al., 2020), current
research on the role of lncRNAs in EV71 infection is limited. It
has been shown that lncRNAs may be equally or even more
important compared with miRNAs in terms of clinical benefits
owing to their tissue specificity. Therefore, there is still need for
further studies to explore role of lncRNAs in pathogenesis,
diagnosis and treatment of EV71 is necessary.
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Background: HIV/AIDS continues to be a serious health concern of morbidity and
mortality globally, and novel HIV testing is still an important component of
diagnosing HIV earlier and reducing the spread of HIV. The Elecsys® HIV Duo assay is
a 4th generation assay that can detect both HIV-1 p24 antigen (Ag) and HIV-1/2 antibody
(Ab) in parallel and show the subresults for the Ab and Ab units.

Objectives: To evaluate the clinical performance of the Elecsys® HIV Duo assay on the
new cobas E 801 analyzer using a large number of clinical samples from a population in
southwest China.

Methods: We collected testing results and information from all patients in a large general
hospital. All eligible clinical specimens were first analyzed using the Elecsys® HIV Duo
assay. The test results are given either as reactive or nonreactive as well as in the form of a
cutoff index (COI). All initially reactive specimens were retested in duplicate with a 3rd-
generation kit. Supplementary tests were divided into Ab confirmation tests and HIV-1
nucleic acid tests. GraphPad Prism and Python were used for plotting, and SPSS 21.0
software was used for statistical analysis.

Results: A total of 186391 specimens were received, and 436 patients were confirmed to be
positive for HIV. Among the 86 cases with contact history available, there were more males
than females, and heterosexual transmission was the most common route of HIV infection.
The Elecsys® HIV Duo assay displayed 99.94%, 99.93% and 99.98% specificity for inpatient,
outpatient and physical examination patients, respectively. The median COI ratios of the false-
positive group were significantly lower than those of the true-positive group.

Conclusions: The Elecsys® HIV Duo test (Cobase801 analyzer) differentiates the
detection of HIV-1 p24 Ag and HIV-1/2 Ab with high specificity and facilitates the
diagnosis of patients with early HIV infection. Therefore, the Elecsys®HIV Duo test is
used for differentiation of antigen and antibody reactivity, making it suitable for routine
clinical diagnosis.

Keywords: diagnostic performance, southwest China, HIV duo assay, human immunodeficiency virus, cutoff index
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INTRODUCTION

HIV/AIDS continues to be a serious health concern of morbidity
and mortality globally. Since 2010, the number of new HIV
infections has fallen by 31%, from 2.1 million to 1.5 million in
2020. As a result, according to global data, much progress has
been made in the prevention and treatment of AIDS. Morbidity,
mortality and new HIV infections are declining year by year
globally. Although the rate of HIV infection has decreased
significantly compared with the early years, the current
situation is still not optimistic. According to the World Health
Organization, 37.7 million people were infected with HIV in
2020 worldwide; the number of deaths from AIDS topped the list
of notifiable infectious diseases in China (Xu et al., 2020). A total
of 1,045 million living HIV/AIDS patients were reported in
China by October 31, 2020. The Joint United Nations Program
on HIV/AIDS (UNAIDS) has launched the 90-90-90 targets, the
first of which is that 90% of people living with HIV (PLHIV)
know their infectious status and are the most challenging.
However, as of 2019, the reality was that only approximately
81% of patients were aware of their HIV status (Lu et al., 2020).
Additionally, an effective strategy for HIV testing forms risk
assessment of transmission of blood-borne pathogens for
hospital staff who are exposed to blood and body fluids (WHO
Guidelines Approved by the Guidelines Review Committee,
2010). Thus, universal screening for HIV-infected individuals
(both known and unknown), who may or may not be aware of
their infection status, is recommended so that patients need to be
linked to care, retained in care, take antiretroviral medications,
adhere to the prescribed regimens, and receive prophylaxis
against opportunistic infections (Chang et al., 2013).

The HIV-1 Ag is the core protein of HIV-1. It is a 24-25 kDa
protein encoded by the gag gene, which plays an important role
in the packaging and maturation of the virus. Similar to RNA, it
can be detected before seroconversion, so it becomes a marker of
early HIV infection (Rafferty et al., 2019). HIV-1 Ag typically
appears around the first 2 weeks post-infection (Fiebig et al.,
2003; Cohen et al., 2010), and the concentration reaches the peak
in one to two months later. As the earliest detected immune
marker in serum, accurate detection of HIV-1 p24 Ag is
conducive to the early diagnosis of HIV and can effectively
shorten the window period. Serum HIV antibodies (Ab)
include IgM and IgG antibodies, which are appeared
approximately 3 and 6 weeks post-HIV infection, respectively
(Alexander, 2016). As HIV Ab reactions usually persist over the
course of infection, the initial screening and diagnosis of HIV
mainly rely on different methods to detect HIV Ab in China
(Eshleman et al., 2019).

The CDC recommends a complex HIV detection algorithm.
The basic principle of this algorithm is to perform preliminary
screening based on Ag/Ab. Based on the screening results, if the
initial test results are reactive, the differentiation analysis of HIV-
1/2 Ab and nucleic acid testing (NAT) is performed. However, if
the screening results are nonreactive, no additional testing is
required, and the result is considered negative. Therefore, a
highly sensitive test is a key factor in eliminating false
negative results.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 22425
Newly approved 4th-generation HIV tests have entered the
international market and are commercially available, and they
are commonly used in many laboratories to screen for HIV
infection based on new diagnostic algorithms (Miedouge et al.,
2011; Liu et al., 2016; Chacón et al., 2017). 4th-generation HIV
assays can detect different HIV type 1 (HIV-1) non-B subtypes
(group O Abs), HIV-1 p24 Ag, HIV-1/2 IgM, and IgG Ab
simultaneously with extremely high sensitivity and specificity
(Alexander, 2016; Stone et al., 2018). Therefore, compared to
other methods (Cohen et al., 2010), 4th-generation HIV assays
decrease the “window period” to 11–14 days post-exposure and
enable the testing of acute and early HIV infection (Alexander,
2016; Stone et al., 2018). However, some 4th-generation Ag and
Ab combo assays only provide a single result and cannot
distinguish between HIV Ag and Ab readings and therefore
have interpretation difficulty (Alexander, 2016).

The Elecsys® HIV Duo assay (Roche Diagnostics) for use on
the Cobas E 801 analyzer (Roche Diagnostics, Penzberg,
Germany) is a new 4th-generation assay that can detect both
HIV-1 p24 Ag and HIV-1/2 Ab of clinical patients samples in
parallel by two different reactions with a rapid test time of 18 min.
This new instrument allowing for continuous loading of reagents
and consumables can not only quickly confirm whether a patient
is in an acute stage but also facilitate doctor–patient
communication and early treatment. Specifically, this instrument
has high normal running time and requires less manual time. A
previous study (Muhlbacher et al., 2019) suggested that the
Elecsys® HIV Duo assay is highly sensitive for the early
detection of HIV, which was assessed at five laboratories from
four different countries and compared with other available 4th-
generation assays. Another study (Zhang et al., 2020) also showed
that the Elecsys® HIV Duo assay had excellent performance for
3039 serum samples from Chinese patients.

Our study is unique in that this is the first retrospective study
to evaluate the clinical performance of the Elecsys® HIV Duo
assay on the new cobas E 801 analyzer using a large number of
clinical patients samples from a population in southwest China.
METHODS AND MATERIALS

Elecsys® HIV Duo
Elecsys® HIV Duo is an enzyme-linked assay using a sandwich
principle that allows simultaneous detection of HIV-1 p24 Ag as
well as HIV-1 (including group O) and HIV-2 Ab. Biotinylated
and ruthenium-labeled anti-p24 monoclonal antibodies were
used for the detection of p24 Ag. Biotinylated and ruthenium-
labeled HIV-specific proteins and D-peptide-bound streptavidin
are used for HIV Ab detection. The main results of Elecsys®HIV
Duo are automatically calculated using the e-flow system unique
to the Cobas E 801 platform. HIV Ag and antibodies can be used
as an aid in the selection of the confirmation algorithm for
reactive samples. The results were automatically calculated
by Elecsys® software. COI values (sample signal value/critical
value) by comparing the electrochemiluminescence signal of
the sample with the critical value obtained in calibration.
Elecsys® software automatically calculates HIV DUO primary
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results based on secondary results. Calculation formula: HIV 
DUO½COI� = HIV DUO½COI� =ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

(HIV Ag½COI�) 2 + (HIV Ab½COI�) 2
p

.

Study Design
This retrospective study was conducted in a large general
hospital with a catchment population of approximately 16.33
million inhabitants in Sichuan, China. The hospital’s laboratory
has the HIV confirmation laboratory in China, which was
certified as a laboratory by the College of American
Pathologists (CAP) in 2006, and has also passed the
competency verification of the Clinical Laboratory Center of
the National Health Commission. We collected testing results
and data from all patients who underwent initial screening for
HIV discriminant Ag and Ab and HIV complementary testing
(Ab confirmatory test or HIV-1 nucleic acid test) at this hospital
between January 2021 and October 2021. In addition, by
searching the electronic medical record management system of
the hospital, we collected the patient’s medical records, such as
the reason for seeing a doctor, medical information, clinical
symptoms, past medical history and disease course records.

The study was conducted in full compliance with the
principles of the Helsinki Declaration and local regulations.
The study protocol was approved by ethics committee of the
West China Hospital of Sichuan University. Exemption for
obtaining informed consents from subjects was granted as a
retrospective analysis of routinely collected programmatic data,
and there was no direct contact with patients and not interfere
with the clinician’s diagnosis and treatment.

Study Population and Specimens
HIV screening subjects: A total of 186,391 patients were
inpatients, outpatients, emergency patients, and healthy
physical examination participants who received an initial
screening test for HIV differentiated Ag and Ab in the hospital
from January 2021 to October 2021.

HIV confirmed subjects: A total of 578 patients tested reactive
for HIV differentiated Ag and Ab during the initial screening
period from January 2021 to October 2021.

All collected fresh clinical specimens were centrifuged at 3500
rpm/min for 10 min, and then serum or plasma was separated for
detection. They are stored in the refrigerator at 4-8°C for up to 1
week and at -80°C for longer periods prior to testing.

Screening Procedures
All eligible clinical specimens were first analyzed using the
Elecsys® HIV Duo assay, performed on the Cobas E 801
platform (Roche Diagnostics, Mannheim, Germany), following
the manufacturer’s instructions. The screening procedure and
detection algorithm are shown in Figure 1. The test results were
given either as reactive (COI≥1.0) or nonreactive (COI<1.0) as
well as in the form of a cutoff index (COI). All initially reactive
specimens were retested in duplicate with a 3rd-generation kit-
colloidal gold method—anti-HIV (Livzon Diagnostics Inc.)
according to technical specifications for national AIDS testing
published by Chinese Center for Disease Control and Prevention.
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Specimens were considered repeatedly reactive [quality control
line (C) and test line (T) appear simultaneously) and nonreactive
(only one quality control line (C) does not appear detection
line (T)].

Supplementary Test
Supplementary tests are divided into Ab confirmation tests and
HIV-1 nucleic acid tests. The HIV-1 nucleic acid test includes
qualitative and quantitative tests. Recommended confirmatory
algorithms need to be confirmed for test results. Western Blot
HIV blot 2.2 (MP Diagnostics, Singapore) was used as the HIV
confirmatory test, which can detect IgG antibodies specific to
viral Ag. On the basis of the manufacturer’s specification, the
results of WB were reported as HIV-1 positive [the presence of at
least two bands, including two env bands (gpl60/gp41 and gpl20)
or two gag bands (p17, p24, p55) or two pol bands (p31, p51,
p66)]; HIV-1/2 positive (the presence of HIV-1 positive bands
and clearly visible HIV-2 specific bands); negative (the absence of
any of the specific bands or only p17 antibodies were detected);
indeterminate (reactivity to any of the bands but not meeting the
criteria for a positive indeterminate result); inconclusive but
suggestive of HIV-2 positive infection (any specific band is
present, but not sufficient to be positive, and the HIV-2-
specific band is clearly visible).

When NAT is used as supplementary test: suspected HIV-
infected patients who respond to the screening test but have
uncertain or negative Ab confirmatory result should be judged
based on NAT. A total of 123 patients were voluntarily tested for
HIV-1 RNA.

Statistical Analysis
GraphPad Prism and Python were used for plotting, and SPSS 21.0
(SPSS Inc., Chicago, IL) software was used for statistical analysis.
Quantitative data were confirmed and expressed as the median and
interquartile range (IQR). Comparisons between continuous
variables were made using the t test, depending on the normality
of the distribution. A nonparametric test was used to analyze those
that did not conform to a normal distribution. The chi-square test
or Fisher’s exact probability method was used for counting data.
The test level is set as a=0.05. HIV screening positive rate = the
number of HIV initial screening positive cases/the number of all
tested cases; HIV confirmed positive rate = number of HIV
confirmed positive cases/number of all tested cases; positive rate
of HIV Ab retest = number of Ab retest positive cases/number of all
tested cases; incidence of HIV uncertainty = number of HIV
uncertainty/number of all tested cases; efficiency of HIV Ab
retest = number of false positive cases of negative Ab retest/
(number of positive cases screened - number of positive cases of
Ab retest): this index can reflect the ability of retest to exclude false
positive samples from screened positive samples; confirmation
efficiency of HIV testing process = (number of HIV-positive
confirmed cases + number of HIV-negative confirmed cases)/
number of retested positive cases: this index reflects the ability of
subsequent tests (WB or HIV-1 RNA detection) to remove false
positives from retested positive samples after retesting; Positive
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predictive value = true positive number/(true positive + false
positive number).
RESULTS

The Testing Algorithm and Distributions
of Specimens Tested in the Elecsys®

HIV Duo Assay
As shown in Figure 1, a total of 186,391 specimens were received
from January 1 to October 31. Of the 186,391 specimens tested,
185,813 (99.69%) were nonreactive. A total of 578 (0.31%)
specimens were repeatedly reactive; Ag (+) and Ab (+), Ag (-)
and Ab (+), Ag (+) and Ab (-) specimens were 77, 449, 52 cases,
respectively. After excluding 26 samples that were lost to follow-
up, 552 cases were confirmed to be reactive for screening. Then,
the colloidal gold rapid detection method was used for
subsequent repeated detection. After that, the patients were
divided into previous HIV infection, newly reported HIV
infection, false positive and no follow-up groups by means of
case information query and telephone communication. In 210
(36.33%) patients with newly reported HIV infection, two
complementary tests, WB and HIV RNA, were used for final
determination. Finally, 436 patients were confirmed to be
posit ive for HIV, and 116 cases were negative for
supplementary tests.

Detailed Results for 186391 Samples
Assayed and the Overall Specificity
of Each Assay Calculated by
Combining the Data
Table 1 showed HIV screening, HIV prevalence and
performance evaluation of the Elecsys® HIV Duo method.
Compared with inpatients and physical examination patients,
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outpatients had the largest number of HIV-positive screening
patients, accounting for 0.46% of the positive screening patients.
Similarly, the positive rate of HIV confirmed by supplementary
testing in outpatients was the highest, reaching 0.37%. The
overall specificity of the Elecsys® HIV Duo assay across all
186391 samples of inpatients, outpatients and physical
examination patients in this study relative to the final HIV
status was 99.94%, 99.93% and 99.98%, respectively.

Median (Quartile Range) Cutoff Index
(COI) Ratios of All 522 WB or
Subsequent Supplement Detections
Confirmed Individuals
Table 2 showed that the differences in median COI ratios
between true-positive and true-negative results of HIV Duo
and HIV-1/2 Ab were large. As mentioned above, HIV
infection status was determined by WB, follow-up, HIV-1
RNA, or HIV-1 p24 Ag. As seen in Table 2, the median COI
value in true-positive group of HIV Duo, p24 Ag, and HIV-1/2
Ab were 522.00 (IQR:154.50,1397.50), 0.19 (IQR:0.16,0.31) and
522.00 (IQR:152.75,1388.75), respectively., while value in false-
positive group was 2.02 (IQR:1.44,4.10), 0.19 (IQR:0.17,1.76) and
1.31 (IQR:0.10,2.03). Notably, there were significant differences
in terms of true positive and false positive for HIV Duo
(P=0.000) and HIV-1/2 Ab (P=0.000).
Predictive Value of the Stratified COI Value
for HIV Infection
As shown in Table 3, for HIV Duo, the COI values of 43.30% of
all tested specimens were less than 200. When the COI ranged
from 1 to 4.99, 97.85% of the specimens were negative at the
initial screening, while when the COI was between 5 and 14.99,
70% of the specimens were negative. In addition, the COI values
FIGURE 1 | The distributions of the results of the Elecsys® HIV Duo assay.
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of negative specimens were mostly in the range of 1-49.99, and
only 2 specimens had COI values ≥50.

For HIV-1/2 Ab, 43.48% of all tested specimens were less than
200. When the COI value was between 1 and 4.99, 97.06% of the
specimens were negative in the initial screening, while the COI
value was between 5 and 14.99, and the rate of negative
specimens and true positive specimens was equal. Specifically,
only the specimens with COI≥15 were truly positive. In fact,
when the COI value was between 0 and 0.99, 7 true positive
samples were missed. According to the progress of HIV viremia
and immune response after primary infection, Ag and Ab were
detected at different times. Ab could not be detected in the 7
patients with acute HIV infection, therefore, COI values is less
than 1.0.

For HIV1-p24 Ag, the positive COI value accounted for
21.56% of all screened samples, and the COI were mainly
distributed in the range of 1-49.99 (98.01%). Nearly, COI was
between 1 and 4.99, and 44.26% of the specimens were negative,
while when the COI value was ≥5, more than 75% of the
specimens were true positive. In particular, negative values are
still possible at high levels of COI≥100.
DISCUSSION

This research is the first attempt to evaluate the clinical
diagnostic performance of the Elecsys® HIV Duo assay for
HIV screening, to suggest the predictive value of COI for HIV
infection and to confirm HIV infections in the context of a highly
complex and multiethnic region of China. It is important to note
that this study was carried out in southwest China, which has the
highest number of HIV infection patients in the country, thus
filling a gap in the lack of large-scale clinical evaluation of the
Elecsys® HIV Duo assay in southwest China.

From all the conclusive results in this research, a total of 186391
specimens were entered into our analysis, and 552 patients were
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confirmed to be positive for screening. The Elecsys®HIVDuo assay,
a 4th-generation assay, displayed 99.94%, 99.93% and 99.98%
specificity of inpatient, outpatient and physical examination
patients in detecting HIV patients from large and diverse clinical
samples inChina. Research subjectsmay be representative of a broad
population, reflecting those who may present routinely testing in
China. A study by Muehlbacher et al. (Muhlbacher et al., 2019)
assessed the performance of the Elecsys® HIV Duo assay at five
international laboratories, and the specificity of blood donor samples
was 99.87% and 100% in 1000 diagnostic samples. Similarly, a study
(Zhang et al., 2020) also reported 99.93% specificity of the Elecsys®

HIVDuo assay. The high specificity of the Elecsys®HIVDuo assay,
as demonstrated, could thus identify potentially HIV-infected
patients and guide the precise use of antiviral treatment early as
possible for clinicians. Another study (Krasowski et al., 2021) also
looked at the clinical performance of the Elecsys. The overall
specificity of the Elecsys assay was 99.84% [95% CI 99.73-99.91
(8129/8142)]. Furthermore, the high specificity is a crucial
characteristic of the Elecsys® HIV Duo assay, which reduces the
likelihood of false positives and not onlymeets the evaluation criteria
set by the CDC but also reduces the number of additional Ab
differential immunoassay confirmatory tests.

Previous studies (Kiely et al., 2010) showed that as the signal
ratio of the negative control to the positive control, a high
signal-to-cutoff (S/CO) ratio was predictive of confirmed HIV-
positive results. Accordingly, this study also computed various
overlap COIs between false positive and confirmed positive
results, which suggests the predictive value of COI on HIV
infection status. This study demonstrated that median COI
ratios between true-positive and true-negative results of HIV
Duo and HIV-1/2 Ab were large and false-positive group is
significantly lower than that in the true-positive group. For HIV
Duo, 99.49% (392/394) of individuals with COI ratios ≥50 were
confirmed to be true-positive for HIV infection, and 97.85% of
the specimens with COI ratios <15 were negative at the initial
screening, verifying that high COI ratios were predictive of
TABLE 1 | Detailed results for 186391 samples assayed and the overall specificity of each assay calculated by combining the data.

Inpatient Outpatient Physical examination Total

Screening non-reactive (n) 97864 68559 19390 185813
Screening reactive (n) 241 314 23 578
Screening reactive rate (%) 0.25 0.46 0.12 0.31
Total screening (n) 98105 68873 19413 186391
Confirmed negative (n)
Confirmed positive (n) 174 252 10 436
Confirmed positive rate (%) 0.18 0.37 0.05 0.23
Total Confirmed (n)
Specificity (%) 99.94 99.93 99.98 99.94
May 2022 | Volume 12 | Article
TABLE 2 | Median (quartile range) of cutoff index (COI) ratios of all 522 WB or subsequent supplement detections confirmed individuals.

Median (quartile range) of COI ratios HIV Duo P24 Ag Ab Total (n)

True positive 522.00 (154.50,1397.50) 0.19 (0.16,0.31) 522.00 (152.75,1388.75) 436
False positive 2.02 (1.44,4.10) 0.19 (0.17,1.76) 1.31 (0.10,2.03) 116
P 0.000 0.247 0.000 –
877643
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confirmed positive results. 15.0 were false positive results,
suggesting that no additional laboratory tests are needed to
confirm the results, especially in weakly responsive samples.
Reasons for false positivity include small sample size, sample
handling and variation in fixation methods, such as sample
contamination and mislabeling. However, it is worth noting
that although the COI ratio has predictive value for HIV
infection, it is only an auxiliary method and cannot be used
as a diagnostic tool. When doctors communicate with patients,
they need to avoid increasing the psychological burden of
patients and causing unnecessary medical disputes. If the
patient had an epidemiological history, especially if the single
Ag is positive, the patient should receive additional testing to
determine HIV infection status. It has been reported that NAT
detection can be directly applied to serum with COI level less
than 4.0 (Parker et al., 2019).

According to the HIV screening recommendation, once the
initial screening result is positive, the patient must be retested
and confirmed to determine the final HIV infection status. Most
patients with high COI levels (e.g., COI > 200.0) can be
diagnosed directly by the WB confirmatory test.

3th-generation tests have been the primary means of
screening for HIV infection in most parts of China. However,
compared to other 4th- or 3rd-generation tests, the Elecsys®HIV
Duo assay has many advantages, such as excellent specificity, the
ability to detect HIV-1 p24 Ag and HIV antibodies separately
and a significantly shorter diagnostic window. Therefore, it can
not only effectively and accurately diagnose early HIV infection
but also distinguish between previously and newly reported
infections. In the long term, widespread use of the method can
help clinicians accurately identify and treat the disease, and early
public health interventions can reduce the risk of transmission.
In the area of diagnostic surveillance for the clinical management
of HIV, the necessary cost savings can be achieved through the
adoption of the Elecsys® HIV Duo assay, which uses advanced,
well-coordinated modern technology to greatly improve the
quality of test results. Diagnostic algorithms with superior
performance deserve more support to avoid wasting limited
medical resources and funds on expensive and/or untested
methods (Petti et al., 2006; Brown, 2007). At the same time,
laboratory workers should pay attention to and participate in
more reasonable algorithm design and method evaluation, rather
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 62829
than overly ambitious laboratory testing work. We hope that
more scientific and reasonable detection algorithms and methods
can be widely used in resource-limited areas.

There are several limitations to our study. First, this is a large
retrospective study; 26 patients did not go through a complete
algorithm, some patients may have been infected with HIV, and
others may have been confirmed. No follow-up reasons may
include loss of follow-up, death and unwillingness to accept
diagnosis, which may affect our final results. Therefore, it is
necessary to store and retrieve the results based on computers for
the laboratory of a large number of specimens and the study of
large data. Then, one of the limitations of our study is that there
is no independent gold standard for determining “true negative”.
A study conducted by Muhlbacher (Xu et al., 2020) et al.
evaluated the performance of the Elecsys ® HIV Duo assay in
five international centres and compared with other available 4th-
generation tests. The evaluation by the 139 seroconversion
panels indicated that the Elecsys ® HIV Duo test was highly
sensitive. Therefore, we decided to just perform a specificity
analysis. Finally, the original data come from a single hospital
and are not fully representative or applicable to the entire local or
even national population. We hope to expand the number and
diversity of samples by collecting data in different regions.

CONCLUSION

The Elecsys® HIV Duo test (Cobase 801 analyzer) differentiates
the detection of HIV Ag and anti-HIV antibodies with high
specificity and facilitates the diagnosis of patients with early HIV
infection. COI values are good predictors of HIV infection, with
a high COI ratio predicting a confirmed positive result and 15.0
being a false positive result, indicating that no additional
laboratory testing is required to confirm the result. Therefore,
the Elecsys®HIV Duo test is an improvement of HIV Ag and Ab
discrimination, making it suitable for routine clinical diagnosis.
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TABLE 3 | Results of all 552 WB or subsequent supplementary test-confirmed individuals in relation to cutoff index (COI) ratios.

COI ratios Positive n (%) Negative n (%)

HIV DUO HIV-1/2 Ab HIV1-P24 Ag HIV DUO HIV-1/2 Ab HIV1-P24 Ag

0-0.99 – 7 (15.22) 356 (82.22) – 39 (84.78) 77 (17.78)
1-4.99 2 (2.11) 2 (2.94) 34 (55.74) 93 (97.89) 66 (97.06) 27 (44.26)
5-14.99 6 (30) 8 (42.11) 21 (80.77) 14 (70) 11 (57.89) 5 (19.23)
15-49.99 36 (83.72) 32 (100.00) 16 (76.19) 7 (16.28) 0 5 (23.81)
50-99.99 43 (97.73) 39 (100.00) 6 (85.71) 1 (2.27) 0 1 (14.29)
100-199.99 36 (97.30) 36 (100.00) 3 (75.00) 1 (2.70) 0 1 (25.00)
200-399.99 67 (100) 66 (100.00) – 0 0 –

>399.99 246 (100%) 246 (100.00%) – 0 0 –

Total n (%) 436 (78.99) 436 (100.00) 436 (78.99) 116 (21.01) 116 (21.01) 116 (21.01)
M
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Université Paris Descartes,

France
Ibrahim C. Haznedaroglu,

Hacettepe University Hospital, Turkey

*Correspondence:
Ana Marisa Chudzinski-Tavassi

ana.chudzinski@butantan.gov.br
Mirta Schattner

mschattner@hotmail.com

†ORCID:
Sonia Aparecida De Andrade

orcid.org/0000-0003-4862-8131
Daniel Alexandre De Souza

orcid.org/0000-0002-8972-662X
Amarylis Lins Torres

orcid.org/0000-0002-2925-3082
Matteo Celano Ebram

orcid.org/0000-0002-8245-9805
Rosa Maria Gaudioso Celano

orcid.org/0000-0001-5119-2856
Cristiane Ferreira Graça De Lima
orcid.org/0000-0001-9010-6279

Mirta Schattner
orcid.org/0000-0001-9439-2161
Ana Marisa Chudzinski-Tavassi

orcid.org/0000-0001-7717-7013

Specialty section:
This article was submitted to

Clinical Microbiology,
a section of the journal
Frontiers in Cellular and
Infection Microbiology

Received: 15 March 2022
Accepted: 05 May 2022
Published: 03 June 2022

REVIEW
published: 03 June 2022

doi: 10.3389/fcimb.2022.896972
Pathophysiology of COVID-19:
Critical Role of Hemostasis
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The COVID-19 pandemic, caused by SARS-CoV-2, had its first cases identified in late
2019 and was considered a clinical pandemic in March 2020. In March 2022, more than
500 million people were infected and 6,2 million died as a result of this disease,
increasingly associated with changes in human hemostasis, such as hypercoagulation.
Numerous factors contribute to the hypercoagulable state, and endothelial dysfunction is
the main one, since the activation of these cells can strongly activate platelets and the
coagulation system. In addition, there is a dysregulation of the renin-angiotensin system
due to the SARS-CoV-2 takeover of the angiotensin converting enzyme 2, resulting in a
strong immune response that could further damage the endothelium. Thrombus formation
in the pulmonary microvasculature structure in patients with COVID-19 is an important
factor to determine the severity of the clinical picture and the outcome of this disease. This
review describes the hemostatic changes that occur in SARS-CoV-2 infection, to further
improve our understanding of pathogenic mechanisms and the interaction between
endothelium dysfunction, kallikrein-kinins, renin angiotensin, and the Coagulation/
fibrinolysis systems as underlying COVID-19 effectors. This knowledge is crucial for the
development of new effective therapeutic approaches, attenuating the severity of SARS-
CoV-2’s infection and to reduce the deaths.

Keywords: COVID-19, SARS-CoV-2, hemostasis, coagulopathy, thrombus
INTRODUCTION

COVID-19 is a disease caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2), a virus of the Coronavidae family with an envelope and genome consisting of a single strand of
positive-stranded RNA. COVID-19 had the first cases identified in Wuhan – China at the end of
2019, and was considered a pandemic by the World Health Organization (WHO) in March of 2020.
To date, more than 500 million people have been infected, and over 6,2 million people have died
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worldwide as a result of this disease (Dong et al., 2020; WHO
Coronavirus (COVID-19) Dashboard, 2021).

It is known that some people infected with the new
coronavirus remain asymptomatic, but these people can still
carry and transmit the virus (Johansson et al., 2021). Normally,
COVID-19 is a mild illness associated with, fever, fatigue, cough,
muscle aches, sore throat, loss of smell or taste, and other
symptoms; However, some patients infected with SARS-CoV-2,
may suffer different clinical manifestations, as severe respiratory
syndrome and even death (Wiersinga et al., 2020). Turk et al.
described three critical clinicobiological phases of SARS-
associated coronavirus infections in humans: “asymptomatic/
pre-symptomatic phase”, “respiratory phase with mild/
moderate/severe symptoms” and “multi-systemic clinical
syndrome with impaired/disproportionate and/or defective
immunity” (Turk et al., 2020). Understanding the phases may
be useful for clinical management and development of vaccines
and/or specific drugs targeting the COVID-19 processes

The fatality rate of COVID-19 patients with diabetes was
7.3%, for patients with cardiovascular disease 10.5%, and for
patients without any comorbidities 0.9% (Yang et al., 2020).
Furthermore, when compared to according age groups, people
with age 45 or higher are more likely to die from COVID-19 than
the younger ones. Aging leads to structural and functional
modifications of the vasculature, which may lead to endothelial
dysfunction (Amraei and Rahimi, 2020). Endothelial cells play a
major role in the pathogenesis of this disease, furthermore SARS-
CoV-2 infection promotes changes in hemostasis; a recent study
found that nearly 72% of non-survivors had evidence of
hypercoagulability (Tang, 2020).

The major leading cause of mortality in patients with COVID-
19 is respiratory failure from acute respiratory distress syndrome
(ARDS) (Amraei and Rahimi, 2020). However, deaths resulting
from COVID-19 are significantly associated with vascular injuries
(Wu et al., 2021) and SARS-CoV-2 infection induces changes in
the coagulation and fibrinolytic system (Leentjens et al., 2021).
Such pathophysiological changes generate arterial and, mainly,
venous thrombosis, especially in patients with severe symptoms.
These thrombotic events occur more frequently in the lung, and
bothmacro andmicrothrombi have been reported, the latter being
usually not detectable by imaging, but only by post mortem
autopsy (Asakura and Ogawa, 2021).

Post-mortem histopathological analysis of lung tissue from 38
patients with SARS-CoV-2 demonstrated, in most cases, the
presence of fibrin- and platelet-rich thrombi in pulmonary
arterioles, congested capillaries, and bleeding alveoli, often
containing CD61+ megakaryocytes, and dense capillary foci,
presumably resulting from angiogenesis (Carsana et al., 2020).
In another post-mortem analysis in multiple tissues, there is a
description of congestion and small vessel endotheliitis with
accumulation of mononuclear/lymphocytic cells around the
capillary endothelium in the heart, small intestine, kidney, liver
and lung; in one case, caspase 3 immunostaining revealed the
presence of apoptotic bodies in the endothelial cells lining the
inner wall of inflamed blood vessels. As a consequence of this
vascular disorder, after inflammation, congestion, thrombosis,
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hemorrhage, and endothelial cell death, the surrounding hypoxic
tissues showed evidence of interstitial edema, destruction,
inflammation, fibrosis, and vascular regeneration (Carsana
et al., 2020; Varga et al., 2020). Deep vein thrombosis in the
extremities was accompanied by evidence of recent thrombosis
in the prostatic venous plexus in 6/7 cases by Wichmann and
colleagues (Wichmann et al., 2020).

There are numerous factors that could contribute to the
hypercoagulable state of COVID-19 patients, endothelial
dysfunction being the main factor since endothelial cell
activation can strongly activate platelets and the coagulation
system (Yau et al., 2015). In addition, there is a dysregulation of
the renin-angiotensin system due to SARS-CoV-2 takeover of the
angiotensin converting enzyme 2 (ACE-2) resulting in a strong
immune response that could further damage the endothelium
(Amraei and Rahimi, 2020).

The pathophysiology of endothelial dysfunction and injury
offers insights into COVID-19 associated mortality. Besides this,
a process made up of three main steps which happen
simultaneously in a fine orchestrated fashion – platelet
aggregation, blood clotting and fibrinolysis. The integrity of the
endothelium is also essential for the maintenance of hemostasis
and any disturbances between any of these features can lead to
hemorrhage or thrombosis (Maffei et al., 2015).
CHANGES ON THE ENDOTHELIUM

The infection and viral entry of SARS-CoV-2 into the cell is
mediated by angiotensin ACE-2, transmembrane serine protease
2 (TMPRSS2) and cathepsin L, which cleaves the spike protein
on the viral particle to allow engagement with ACE-2 (Jackson
et al., 2021).

As it is known, some endothelial cells, especially in the lungs,
highly express ACE-2 in its surface, making them a direct target for
coronavirus infection (Hamming et al., 2004). ACE-2 is a type I
transmembrane receptor with 3 domains, a single transmembrane
domain, a cytoplasmic carboxyl domain, and a catalytic
extracellular domain. The main physiological function of ACE-2
is in the regulation and metabolism of Renin-Angiotensin System
peptides opposing the effects of angiotensin II, serving as a counter-
regulatory mechanism to ACE. Usually, ACE-2 catalyzes
polypeptides with preference for hydrolysis between proline and
a hydrophobic aminoacid (Vickers et al., 2002).

ACE-2 generates Ang 1-9 peptide through cleavage of Ang I (1-
10), while ACE converts Ang I into Ang II (Ang 1-8). ACE-2 also
metabolizes Ang II (Ang 1-8) to generate Ang 1-7. The peptides
generated by ACE-2 bind and activate the G-protein coupled
receptor (GPCR). The receptor activation stimulates several major
signaling pathways, including phospholipase A, which will further
generate arachidonic acid (AA), phosphoinositide 3 kinase
(PI3K)/AKT axis, which activates endothelial nitric oxide
synthase (eNOS), and activation of phospholipase C, and an
increase in intracellular calcium levels. These pathways regulate
vasodilation, anti-fibrosis and anti-inflammatory responses in
endothelial cells (Keidar et al., 2007; Heurich et al., 2014).
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The internalization and shedding of ACE-2 could be mediated
by the proteolytic activity of disintegrin and metalloprotease 17
(ADAM17) and transmembrane protease serine 2 (TMPRSS2)
(Hoffmann et al., 2020). This serine competes with ADAM17 for
ACE-2 processing and is found to promote SARS-CoV-2 entry by
twomechanisms:ACE-2 cleavage,whichpromotesviral uptakeand
spike protein cleavage, which activates it for membrane fusion
(Solinski et al., 2014).

SARS-CoV-2 spike protein can trigger downregulation of
ACE-2 expression in lung tissue and in cell culture, allowing
higher binding of Ang II to AT1 receptors and ultimately
vasoconstriction, enhanced inflammation and thrombosis
(Figure 1) (Verdecchia et al., 2020).

There is strong evidence for a complex association between viral
infections, inflammatory processes, and endothelial cells. The
endothelium is a monolayer of endothelial cells that internally
coat the blood vessels; its importance on hemostasis goes beyond
acting as a barrier against blood loss (Wu, 1992). In normal
conditions of hemostasis, the endothelium maintains a balance
between the procoagulant and fibrinolytic factors, producing
molecules that inhibit platelet aggregation, like nitric oxide (NO),
anti-clottingmolecules, like thrombomodulin, andother important
substances for the fibrinolytic system, such as tissue plasminogen
activator (tPA) (Wu and Thiagarajan, 1996).

When endothelial cells encounter pathogen associated
molecular patterns (PAMPs) such as lipopolysaccharide,
proinflammatory cytokines, interleukin 1 (IL-1), tumor necrosis
factor (TNF), (IL-6) or damage associated molecular patterns
(DAMPs) derived from dead or dying cells, they become
activated. Endothelial cells’ activation can also occur as a direct
cytopathic effect of viral infection (Libby and Lüscher, 2020).
Although SARS-CoV-2 has been reported to directly infect
vascular organoids (Monteil et al., 2020), and case studies
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reported endotheliitis in COVID-19 patients (Amraei and
Rahimi, 2020), and endothelial infection in glomerular capillary
loops and skin lesions it is still not clear whether vascular damage
can be attributed to a systemic inflammatory response, or is a direct
consequence of the viral infection and replication.

Endothelial activation is a key event that contributes to platelet
activation, changes on hemostasis, and increase on vascular
permeability, with decreased concentrations of anti-clotting
molecules (Zhang et al., 2020). Once activated, the endothelium
cells can express and exert tissue factor activity, amplifying the
enzymatic activity of the coagulation cascade proteins and
triggering thrombin generation and clot formation. These cells
also release von Willebrand factor (vWF) from its Weibel-Palade
bodies, stimulating platelet adhesion and aggregation (Lyons and
Ginsburg, 1994). Associated with the prothrombotic effects of
endothelial cells activation, there is also antifibrinolytic activity,
mostly conformed by increased concentrations of plasminogen
activator inhibitor–1 (PAI-1) (Wu and Thiagarajan, 1996).

SARS-CoV-2 infection of endothelium also triggers the
secretion of the von Willebrand factor (vWF), PAI-1, soluble
thrombomodulin, angiopoietin-2, an increase in endothelium-
derived adhesion molecules (ICAM, VCAM-1 and P-selectin
among others) expression, a decrease of endothelial progenitor
cells circulation, as well as secretion of proinflammatory
interleukins (IL-1, IL6) (Zhang et al., 2020). IL-1 can induce
the production of more IL-1, IL-6 and other proinflammatory
cytokines, and this overproduction is named a “cytokine storm”.
IL-1 stimulation also reduces VE-Cadherin, which maintains the
integrity of the endothelium (Libby and Lüscher, 2020).

Neutrophils have also been shown to contribute to
endothelial damage in COVID-19. Under the influence of the
proinflammatory state, neutrophils in contact with endothelial
cells can release enzymes such as myeloperoxidase (MPO),
FIGURE 1 | The SARS-CoV-2’s spike protein interacts with ACE-2 and allows SARS-CoV-2 infection. This infection causes activation of the endothelium and,
subsequently, increases prothrombotic factors. The infection also enhances inflammation, which further damages the endothelium. ACE-2, angiotensin converting
enzyme 2; KKS, Kallikrein-kinin system; RAS, renin-angiotensin system; BK, bradykinin; vWF, von Willebrand factor; PAI-1, plasminogen activator inhibitor–1; TF,
Tissue factor. Image created in: biorender.com.
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proteinase 3 (PR3), neutrophil elastase (NE) and cathepsin G
(CG) (Qi et al., 2017). Long-term exposure of the endothelium to
these enzymes can lead to disruption of the endothelial barrier
and cell apoptosis, exposing the subendothelium to platelets and
leukocytes (Caillon et al., 2021).

Autopsy studies have shown important endothelial damage of
the lung microvasculature, including loss of “tight junctions”,
separation of the endothelium from its basal membrane and
apoptosis of endothelial cells (O'Sullivan et al., 2020; Zhang et al.,
2020). These apoptotic cells express the ACE-2 receptor, and
analysis by electronic microscope found the presence of SARS-
CoV-2 virions in these cells (Carsana et al., 2020).
ALTERATIONS IN THE NUMBER
AND FUNCTION OF PLATELETS

Platelets are anucleate cell fragmentsderived fromthe bonemarrow
and lung megakaryocytes. When vascular lesion occurs, platelets
quickly adhere to the exposed subendothelium. In conditions of
high shear tension, which is present in arterial vessels, adhesion is
mainly due to the binding of the vWF to glycoprotein Ib (GPIb)
present on the platelet’s surface. On the other hand, in conditions of
low shear stress, which occur in the venous part of the circulatory
system, platelet adhesionmainlyhappens through the interactionof
collagen with the glycoprotein VI (GPVI) or the integrin alpha(2)
beta(1) (Ruggeri et al., 2006). As a consequence of this adhesion,
platelets become activated, there is a change in the organization of
their cytoskeleton which changes its shape, from discoidal to
irregular, with generation of filopodia. Besides, there is exocytosis
of granules,whichmainly contain agonists, likeADPand serotonin.
These molecules interact with specific receptors on the platelet
surface, and as a result activate more platelets. Platelet activation
favors thebinding offibrinogenwith integrin alpha (IIb)beta(3) and
this binding is essential, as it allows a connection between adjacent
platelets and platelet aggregation (Peter et al., 1998; Jurk and
Kehrel, 2005).

Platelet’s morphological and biochemical changes are relevant
to COVID-19 pathophysiology. There is evidence that many
pathways of platelet activation are intensified after infection with
SARS-CoV-2, either by an indirect path through the action of
inflammatory cytokines and endothelial damage or directly
through viral infection. Moreover, it has been demonstrated
that SARS-CoV-2 is capable to infect and replicate in
megakaryocytes in the bone marrow and in the lung. Whether
these megakaryocytes produce platelets carrying virions is still
not known (Barrett et al., 2021). Overall, cytokine storm,
thrombin generation, endothelium dysfunction, activation of
(C3a) complement, increase in viscosity and hypoxia are
considered the main reasons for platelet activation and
aggregation caused by SARS-CoV-2.

Generally speaking, thrombocytopenia is frequent in severely
ill patients, being associated with bad clinical prognosis and, also,
death. Many COVID-19 patients, mainly those in intensive care,
display thrombocytopenia, associated with the worst clinical
outcomes. A meta-analysis of 31 studies with 7163 participants
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 43334
observed thrombocytopenia on stern cases, and this was
associated with a 3-fold risk of developing severe COVID-19
(Jiang et al., 2020). Some mechanisms proposed as the main
pathways leading to thrombocytopenia in COVID-19 are:
impaired platelet production, immune depletion and trapping
within growing thrombus and peripheral embolization (Zhang
et al., 2020).

Some markers of platelet activity, such as the maturity and size
of the platelets are significantly associated with severe COVID-19
cases and its lethality (Lyons and Ginsburg, 1994). Besides this, it
has been shown that there is a difference in the transcriptome of
platelets isolated from COVID-19 patients in comparison to non-
infected platelets. The platelet phenotype is more immature, and
changes occur on metabolic paths, including oxidative
phosphorylation and glycolysis (Grove et al., 2009). Platelets do
not act alone, as they amplify extracellular vesicle emission and
tissue factor expression in monocytes through the interaction of P-
selectin with P-selectin glycoprotein ligand-1 which is exposed on
the surface of monocytes and neutrophils (Zhang et al., 2020).
Communication with dysfunctional endothelium and neutrophils
are key points for neutrophil and platelet activation (Hottz et al.,
2020). In fact, it has been recently shown that alterations in
circulating neutrophils rather than in the endothelium, are
major contributors to the increased thrombotic diathesis in the
hearts of COVID-19 patients (Johnson et al., 2022).

Other important playmakers in this process include extracellular
vesicles (EV), released normally by activated leukocytes, platelets
and endothelium. They carry and signal several physiological
phenomena, such as inflammation, coagulation, and are related
to thrombosis in some cardiovascular diseases (Ridger et al., 2017).
They are important to coagulation, since they promote thrombin
formation by exposing tissue factor and negatively charged
phospholipids. Additionally, they promote thromboinflammation
indirectly, stimulating the release of pro-inflammatory endothelial
cytokines, inteleukin-8 (L-8), IL-6, and monocyte chemotactic
protein 1 (MCP-1), inducing endothelial activation, expression of
cyto-adhesins, and diapedesis. Some previous papers showed
increased circulating EV secreted by platelets and leukocytes in
patients with COVID-19 (Zaid et al., 2020; Krishnamachary et al.,
2021). This is a topic that has not been fully explored and needs
further studies to improve our scientific understanding.

Knowledge gathered until now has shown that some platelet
activation mechanisms contribute to the thrombotic effects of
COVID-19, hence platelet changes are relevant to the
development and symptoms of this illness.
ALTERATIONS IN COAGULATION

The coagulation cascade is made up of a series of reactions that
culminate in the formation of a fibrin clot, which contributes to
prevent bleeding in a vascular lesion. The formation of fibrin
depends on the action of thrombin, that cleaves fibrinogen,
releasing A and B fibrinopeptides, so as to form the fibrin
monomers that polymerize, forming an insoluble net of fibrin.
Besides this, thrombin activates FXIII, which then connects the
June 2022 | Volume 12 | Article 896972
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fibrin fibrils through lysine residues, contributing to a greater
stability of the clot (Siebenlist et al., 2001). Thrombin is
generated from its inactive precursor – prothrombin - through
the action of FXa.

It is possible to didactically divide the coagulation cascade
into two distinct pathways that lead to the activation of FX: the
extrinsic and intrinsic pathways. The extrinsic pathway starts
when the lesion of the blood vessel exposes the tissue factor,
which is made up of cells such as fibroblasts, and this contact
with the intravascular medium, together with the FVIIa, activates
FX. Through the intrinsic pathway, however, the contact of
blood with the negative surfaces leads to the activation of FXII
(contact activation) which starts a cascade that leads to the
activation of FX (Macfarlane, 1964).

Activation of FXII to FXIIa by contact with negatively
charged surfaces also starts the contact system. The contact
system is part of the innate immune system and inflammatory
response mechanism against pathogens. Factor XII, prekallikrein
(PK) and high-molecular weight kininogen (HK) participate in
the coagulation cascade as well as the contact system, having
pivotal roles in the latter. This system can be activated by DNA,
RNA, PAMPs, DAMPs, neutrophil extracellular traps and even
activated platelets (Ito, 2014). In addition, both eukaryotic and
prokaryotic RNA serve as activators of FXII and FXI, thus
leading to activation of the contact system and inducing
immunothrombosis (Kannemeier et al., 2007).

The kallikrein-kinin system (KSS) is also entangled in the
mechanisms that maintain hemostasis. Although the contact
system and the kallikrein-kinin system overlap, the activation
of either has different implications. Activation of the KKS leads
to the liberation of bradykinin (BK), a vasoactive peptide that
plays a pivotal role in inflammation. After binding to bradykinin
receptor 2 (B2R), BK activates a signaling pathway resulting in
pain, fever, edema, hypotension, vasodilatation and increased
vascular permeability (Oehmcke-Hecht and Köhler, 2018).
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 53435
It’s important to mention that BK also stimulates the production
of IL-1, TNF-alpha and reactive oxygen substances, which, in turn,
cause endothelial disruption (Tiffany and Burch, 1989).

SARS-CoV-2 infection induces alteration in coagulation and,
in severe cases, can trigger disseminated intravascular coagulation
(DIC) and thrombotic events, especially in the pulmonary
microvasculature, which contributes to the evolution of
dysfunction in this organ (Kannemeier et al., 2007). The
mechanisms that lead to this clinical manifestation are not fully
understood, but it is likely that the intense release of pro-
inflammatory cytokines contributes to trigger the activation of
the coagulation cascade. In this sense, there is a large release of IL-
1 and IL-6 and TNF-alpha during the cytokine storm induced by
SARS-CoV-2 infection (Han et al., 2020). IL-6 has an especially
well described role in helping to activate coagulation by promoting
the synthesis offibrinogen, FVIII and tissue factor (TF) (Stouthard
et al., 1996). Additionally, SARS-CoV-2 infection reduces the
amount of ACE-2, which results in increased levels of
angiotensin II. Elevated levels of angiotensin II favor the
activation of coagulation and inhibition of the fibrinolytic
system, which favors the prothrombotic state in COVID-19
(Figure 2) (Lazzaroni et al., 2021; Salabei et al., 2021).

It is observed that coagulation tests such as activated partial
thromboplastin time (aPTT) and prothrombin time (PT) tend to
be higher in symptomatic COVID-19 patients than in healthy
individuals (Zhu et al., 2021; Luo et al., 2021). Although several
studies indicate that aPTT, and especially PT, are also
considerably higher in patients who died than in people who
had less severe cases of COVID-19, a meta-analysis indicated
that the results described in the literature are very heterogeneous,
requiring caution and more data to establish a clear relationship
between the severity of COVID-19 and PT and aPTT values (Lin
et al., 2021).

In patients with COVID-19, especially those with greater
severity and who died, they presented increased levels of
FIGURE 2 | SARS-CoV-2 induces cytokine storm formation and increased levels of angiotensin II. Such alterations contribute to the activation of the coagulation
cascade and, consequently, to thrombus formation. Image created in: Biorender.com.
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fibrinogen concentration. This finding is quite different from
what is normally observed in cases of consumptive coagulopathy
associated with sepsis, in which a fall in fibrinogen levels is
associated with mortality (van Vught et al., 2021). Furthermore,
sepsis-induced coagulopathy usually has a much more marked
prolongation of global clotting times than in COVID-19 cases
(Lin et al., 2021). Thus, changes in the coagulation cascade
caused by COVID-19 seem to be quite distinct of this disease.

Another alteration typically observed in COVID-19 patients is
an increase in the activity and amount of vWF. The vWF is a
circulating adhesive glycoprotein that promotes platelet
aggregation, contributes to blood coagulation forming a complex
with factor VIII, regulates angiogenesis, and vascular permeability.
vWF levels are elevated in inflammation, aging, diabetes and other
diseases associated with endothelial dysfunction (Amraei and
Rahimi, 2020). Besides this, in patients with severe cases, there is
a downregulation in the activity of ADAMTS-13 through different
mechanisms, with a small reduction of these activities, and an
increase on the level of their inhibitors. The consumption of the
vWF high molecular weight multimers (HMWM—vWF) is
common in patients that require intensive therapy (Philippe et al.,
2021). In contrastwithother types of sepsis, an increase in the vWF/
ADAMTS-13 ratio was observed, and a significant inverse
correlation between vWF : Ag levels and ADAMTS-13 activity
(Ward et al., 2021). This unbalance between substrate and enzyme
in a tangential stress condition is probably even more noticeable in
the lung microvasculature, the site where endothelial damage
becomes more evident with greater formation of micro-
thrombus. Moreover, it is known that the plasmatic distribution
of the vWF multimers in these patients is similar to those found in
acute thrombotic thrombocytopenic purpura patients (Ward
et al., 2021).
ALTERATIONS IN THE FIBRINOLYTIC
SYSTEM AND ANTICOAGULATION

The fibrinolytic system is an important defense against
intravascular thrombosis, and there is substantial evidence that
the imbalance of this system is involved in the pathophysiology
of cardiovascular ischemic events and endothelial dysfunction.
The imbalance is driven, at least in part, by inappropriate activity
of the renin–angiotensin system, which interacts with the
fibrinolytic system at the level of the endothelium (Chapin and
Hajjar, 2015).

Although the formation of the fibrin network is essential to
prevent blood leakage, a system is needed to prevent its
unrestrained formation, which can obstruct the vessels. This
function is mainly performed by the fibrinolytic system, whose
main component is plasmin, a serine protease that degrades
fibrin, generating soluble fibrin degradation products (FDP).

Plasmin is generated from its inactive precursor, plasminogen,
which can be activated by tissue tPA or by urokinase plasminogen
activator (uPA). Once initiated, fibrinolysis is accelerated by a
positive feedback mechanism. These activators can be inhibited
by PAI-1, whereas plasmin can be directly inhibited by alpha2-
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 63536
antiplasmin (Mutch et al., 2007). Endothelial cells and vascular
smooth muscle cells are the main source of tPA and PAI-1,
controlling fibrinolysis locally.

The coagulation cascade can still be inhibited in order to
avoid its excessive activation. The most relevant coagulation
inhibitors are tissue factor protease inhibitor (TFPI), protein S,
thrombomodulin, protein C and antithrombin. The mechanisms
of action of these inhibitors are varied. For example,
antithrombin directly inhibits thrombin, which is facilitated by
the presence of heparin or heparan sulfate, whereas TFPI,
produced by endothelial cells, inhibits both the tissue factor/
FVIIa complex and FXa. Also, the C1 esterase inhibitor (C1-
INH), natural regulator of the complement, kallikrein-kinin,
contact and fibrinolytic system, is being investigated for
treatment of COVID-19, targeting multiple systems involved in
the disease (Adesanya et al., 2021).

In critically ill COVID-19 patients, studies have demonstrated
reduction of natural anticoagulant systems, with decreased
serum concentration of antithrombin and protein C, which can
contribute to the hypercoagulability state that characterizes
SARS-CoV-2 pathophysiology. It is known that plasma natural
coagulation is decreased in patients with sepsis or DIC, and is
also associated with disease severity (Zhang et al., 2020). A
hypofibrinolytic state, additionally, has been observed,
reflecting changes in the fibrinolytic system, with increased
TFPI concentration (Caciola et al., 2021). As a consequence,
the thrombi formation becomes easier, mainly inside the
pulmonary microvasculature. More studies are needed to
evaluate other parameters of natural coagulation, in order to
determine the importance of these changes on the whole picture
of COVID-19 disease.

In COVID-19 it is also observed, especially in more severe
cases, an increase in the concentration of D-dimers, molecules
produced due to fibrin degradation. Markedly increased D-dimers
were detected early on in patients with COVID-19 (Huang et al.,
2020). Elevation in D-dimer levels was associated with poor
disease prognosis, and its dosage was extensively performed
globally as a laboratory test in patients’ admission (Rostami and
Hassan, 2020; Yu et al., 2020). Different papers try to suggest D-
dimer cut-off levels as a prognostic indicator (Favaloro and
Thachil, 2020; Zhou et al., 2020). Despite this, there is still
controversy regarding the mechanism that causes the increase in
the levels of D-dimers, and it is possible that this effect is a result
only of the increase in the amount offibrin formed in SARS-CoV-
2 infection (Lazzaroni et al., 2021).
VASCULAR CHANGES IN THE LUNG

The pulmonary vasculature is responsible for the perfusion of
these organs and is essential for proper hemostasis (Lammers
et al., 2021). Histopathological studies demonstrating the
structural and vascular changes in the lungs caused by
COVID-19 are still limited. However, it has been reported that
patients who died from COVID-19 often present hemorrhage,
deposition of fibrin and, most importantly, formation of
microthrombi in the pulmonary vasculature. In this sense, the
June 2022 | Volume 12 | Article 896972
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formation of microthrombi in pulmonary capillaries occurs with
greater intensity in COVID-19 than in influenza and is a factor
that reduces respiratory efficiency by contributing to increase the
dead space in ventilation (Pannone et al., 2021).

Post-mortem analysis also suggests that severe SARS-CoV-2
infection increases angiogenesis in the lung more intensely than
seen with other respiratory infections such as influenza. This effect
can be explained, at least in part, by the infiltration of pro-
inflammatory cells, mainly macrophages, which are also capable
of releasingpro-angiogenic compounds.The excessive proliferation
of blood vessels in severe cases of COVID-19 abnormally increases
perfusion, and is thus a factor that reduces the ratio of ventilation to
perfusion in the lungs, contributing to hypoxaemia (Osuchowski
et al., 2021). The formation of pulmonary edema is also associated
with severe COVID-19, which occurs as a result of increased
permeability of alveolar blood vessels in response to the
interaction between kinins and their receptors on endothelial cells
(Pérez-Mies et al., 2021).

COVID-19, especially in severe cases, was still associated with
bleeding higher risk of hemorrhage, deep vein thrombosis and,
especially, pulmonary embolism than individuals without this
disease. These effects of COVID-19 remained significant even
when adjusting for correlations for comorbidities and other risk
factors, such as the advanced age of patients. Furthermore, it was
observed that these effects did not appear to be minimized in
individuals undergoing chronic anticoagulant therapy
(Katsoularis et al., 2022).
CONCLUSIONS

The clinicalmanifestations ofCOVID-19, especially in severe cases,
are intrinsically related to hemostatic disorders caused directly or
indirectly by SARS-CoV-2 infection. In general, COVID-19
promotes the occurrence of a prothrombotic state in the patient,
which contributes to the obstruction of blood vessels. Thrombus
formation in COVID-19 is mainly favored by the establishment of
an inflammatory state that leads to endothelial activation, which, in
turn, contributes to the excessive platelet aggregate formation,
activation of the coagulation cascade and inhibition of the
fibrinolytic system. In addition, the acquisition of ACE-2
influences the renin-angiotensin and kallikrein-kinin systems
toward a prothrombotic state. The hemostatic changes resulting
from COVID-19 are mainly manifested in the pulmonary
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 73637
microvasculature, being an important factor for the impairment
of respiratory function observed in patients, especially those with
more severe conditions.
FUTURE DIRECTIONS

The detailed investigation of the mechanisms related to these
alterations can contribute not only to a better understanding of
COVID-19 pathophysiological mechanisms but can also indicate
new directions for possible treatments in the infection by SARS-
CoV-2 and better monitoring of hospitalized patients. Therefore,
this review aims to further improve the understanding of the
pathophysiology of COVID-19 by providing a detailed
description of the molecular mechanisms involved in human
hemostasis alterations after SARS-CoV-2 infection. We believe
that better understanding of the CS, KKS, RAS and/or the
Coagulation/Fibrinolysis systems, as well as how the
interactions occur between them, and their consequences in
the hemostasis, can contribute to a better understanding of the
thrombotic state, observed in COVID-19. The knowledge of
these mechanisms is crucial for the better disease understanding
and could lead to therapies that modulate the human hemostasis,
attenuating or inhibiting vessel obstruction, especially of the
pulmonary microvasculature, due to the formation of thrombi.
AUTHOR CONTRIBUTIONS

SA, DS, AT, ME, RC, CL, MS, and AC-T conceived the
manuscript, reviewed the literature, and wrote the manuscript.
All authors contributed to the article and approved the
submitted version.
FUNDING

Financial support: CNPq, CAPES, FAPESP and Fundação Butantan.
ACKNOWLEDGMENTS

We are grateful to the Instituto Butantan, CAPES, FAPESP and
CNPq for supporting us in writing this article.
REFERENCES
Adesanya, T. M. A., Campbell, C. M., Cheng, L., Ogbogu, P. U., and Kahwash, R.

(2021). C1 Esterase Inhibition: Targeting Multiple Systems in COVID-19.
J. Clin. Immunol., 41(14), 729–732. doi: 10.1007/s10875-021-00972-1

Amraei, R., and Rahimi, N. (2020). COVID-19, Renin-Angiotensin System
and Endothelial Dysfunction. Cells 9 (7), 1652. doi: 10.3390/cells9071652

Asakura, H., and Ogawa, H. (2021). COVID-19-Associated Coagulopathy and
Disseminated Intravascular Coagulation. Int. J. Hematol. 113 (1), 45–57.
doi: 10.1007/s12185-020-03029-y

Barrett, T. J., Bilaloglu, S., Cornwell,M., Burgess,H.M.,Virginio,V.W.,Drenkova, K.,
et al. (2021). Platelets Contribute to Disease Severity in COVID-19. J. Thromb.
Haemostasis 19 (12), 3139–3153. doi: 10.1111/jth.15534
Caciola, R., Gentilini Cacciola, E., Vecchio, V., and Cacciola, E.. (2021). Cellular
and Molecular Mechanisms in COVID-19 Coagulopathy: Role of
Inflammation and Endotheliopathy. J. Thromb. Thrombolysis. 53(2), 282–
290. doi: 10.1007/s11239-021-02583-4c

Caillon, A., Trimaille, A., Favre, J., Jesel, L., Morel, O., and Kauffenstein, G. (2021).
Role of Neutrophils, Platelets, and Extracellular Vesicles and Their Interactions
in COVID-19-Associated Thrombopathy. J. ThrombHaemost. 00, 1–15.
doi: 10.1111/jth.15566

Carsana, L., Sonzogni, A., Nasr, A., Rossi, R. S., Pellegrinelli, A.,
Zerbi, P., et al. (2020). Pulmonary Post-Mortem Findings in a
Series of COVID-19 Cases From Northern Italy: A Two-Centre Descriptive
Study. Lancet Infect. Dis. 20 (10), 1135–1140. doi: 10.1016/S1473-3099(20)
30434-5
June 2022 | Volume 12 | Article 896972

https://doi.org/10.1007/s10875-021-00972-1
https://doi.org/10.3390/cells9071652
https://doi.org/10.1007/s12185-020-03029-y
https://doi.org/10.1111/jth.15534
https://doi.org/10.1007/s11239-021-02583-4c
https://doi.org/10.1111/jth.15566
https://doi.org/10.1016/S1473-3099(20)30434-5
https://doi.org/10.1016/S1473-3099(20)30434-5
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Andrade et al. COVID-19: Critical Role of Hemostasis
Chapin, J. C., and Hajjar, K. A. (2015). Fibrinolysis and the Control of Blood
Coagulation. Blood Rev. 29 (1), 17–24. doi: 10.1016/j.blre.2014.09.003

Dong, E., Du, H., and Gardner, L. (2020). An Interactive Web-Based Dashboard to
Track COVID-19 in Real Time. Lancet Infect. Dis. 20 (5), 533–534.
doi: 10.1016/S1473-3099(20)30120-1

Favaloro, E. J., and Thachil, J. (2020). Reporting of D-Dimer Data in COVID-19:
Some Confusion and Potential for Misinformation. Clin. Chem. Lab. Med. 58
(8), 1191–1199. doi: 10.1515/cclm-2020-0573

Grove, E. L., Hvas, A.-M., and Kristensen, S. D. (2009). Immature Platelets in
Patients With Acute Coronary Syndromes. Thromb. Haemostasis 101 (01),
151–153. doi: 10.1160/TH08-03-0186

Hamming, I., Timens, W., Bulthuis, M. L. C., Lely, A. T., Navis, G. J., and van
Goor, H. (2004). Tissue Distribution of ACE2 Protein, the Functional Receptor
for SARS Coronavirus. A First Step in Understanding SARS Pathogenesis.
J. Pathol. 203 (2), 631–637. doi: 10.1002/path.1570

Han, H., Ma, Q., Li, C., Liu, R., Zhao, L., Wang, W., et al. (2020). Profiling Serum
Cytokines in COVID-19 Patients Reveals IL-6 and IL-10 are Disease Severity
Predictors. Emerging Microbes Infections 9 (1), 1123–1130. doi: 10.1080/
22221751.2020.1770129

Heurich, A., Hofmann-Winkler, H., Gierer, S., Liepold, T., Jahn, O., and
Pöhlmann, S. (2014). TMPRSS2 and ADAM17 Cleave ACE2 Differentially
and Only Proteolysis by TMPRSS2 Augments Entry Driven by the Severe
Acute Respiratory Syndrome Coronavirus Spike Protein. J. Virol. 88 (2), 1293–
1307. doi: 10.1128/JVI.02202-13

Hoffmann, M., Kleine-Weber, H., Schroeder, S., Krüger, N., Herrler, T., Erichsen,
S., et al. (2020). SARS-CoV-2 Cell Entry Depends on ACE2 and TMPRSS2 and
Is Blocked by a Clinically Proven Protease Inhibitor. Cell 181 (2), 271–280.e8.
doi: 10.1016/j.cell.2020.02.052

Hottz, E. D., Azevedo-Quintanilha, I. G., Palhinha, L., Teixeira, L., Barreto, E. A.,
Pão, C. R. R., et al. (2020). Platelet Activation and Platelet-Monocyte Aggregate
Formation Trigger Tissue Factor Expression in Patients With Severe COVID-
19. Blood 136 (11), 1330–1341. doi: 10.1182/blood.2020007252

Huang, C., Wang, Y., Li, X., Ren, L., Zhao, J., Hu, Y., et al. (2020). Clinical Features
of Patients Infected With 2019 Novel Coronavirus in Wuhan, China. Lancet.
395 (10223), 497–506. doi: 10.1016/S0140-6736(20)30183-5

Ito, T. (2014). PAMPs and DAMPs as Triggers for DIC. J. Intensive Care 2 (1), 67.
doi: 10.1186/s40560-014-0065-0

Jackson, C. B., Farzan, M., Chen, B., and Choe, H. (2021). Mechanisms of SARS-
CoV-2 Entry Into Cells. Nat. Rev. Mol. Cell Biol.. 23(1), 3–20. doi: 10.1038/
s41580-021-00418-x

Jiang, S. Q., Huang, Q. F., Xie, W. M., Lv, C., and Quan, X. Q. (2020). The
Association Between Severe COVID-19 and Low Platelet Count: Evidence
From 31 Observational Studies Involving 7613 Participants. Br. J. haematol 190
(1), e29–e33. doi: 10.1111/bjh.16817

Johansson, M. A., Quandelacy, T. M., Kada, S., Prasad, P. V., Steele, M., Brooks, J.
T., et al. (2021). SARS-CoV-2 Transmission From People Without COVID-19
Symptoms. JAMA Network Open 4 (1), e2035057. doi: 10.1001/
jamanetworkopen.2020.35057

Johnson, J. E., McGuone, D., Xu, M. L., Jane-Wit, D., Mitchell, R. N., Libby, P.,
et al. (2022). Coronavirus Disease 2019 (COVID-19) Coronary Vascular
Thrombosis. Am. J. Pathol. 192 (1), 112–120. doi: 10.1016/j.ajpath.2021.09.004

Jurk, K., and Kehrel, B. E. (2005). Platelets: Physiology and Biochemistry. Semin.
Thromb. Hemostasis 31 (04), 381–392. doi: 10.1055/s-2005-916671

Kannemeier, C., Shibamiya, A., Nakazawa, F., Trusheim, H., Ruppert, C., Markart,
P., et al. (2007). Extracellular RNA Constitutes a Natural Procoagulant
Cofactor in Blood Coagulation. Proc. Natl. Acad. Sci. United States America
104 (15), 6388–6393. doi: 10.1073/pnas.0608647104
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The duration and severity of COVID-19 are related to age, comorbidities, and cytokine
synthesis. This study evaluated the impact of these factors on patients with clinical
presentations of COVID-19 in a Brazilian cohort. A total of 317 patients diagnosed with
COVID-19 were included; cases were distributed according to clinical status as severe
(n=91), moderate (n=56) and mild (n=170). Of these patients, 92 had acute COVID-19 at
sample collection, 90 had already recovered from COVID-19 without sequelae, and 135
had sequelae (long COVID syndrome). In the acute COVID-19 group, patients with the
severe form had higher IL-6 levels (p=0.0260). In the post-COVID-19 group, there was no
significant difference in cytokine levels between groups with different clinical conditions. In
the acute COVID-19 group, younger patients had higher levels of TNF-a, and patients
without comorbidities had higher levels of TNF-a, IL-4 and IL-2 (p<0.05). In contrast,
patients over age 60 with comorbidities had higher levels of IL-6. In the post-COVID-19
group, subjects with long COVID-19 had higher levels of IL-17 and IL-2 (p<0.05), and
subjects without sequelae had higher levels of IL-10, IL-6 and IL- 4 (p<0.05). Our results
suggest that advanced age, comorbidities and elevated serum IL-6 levels are associated
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with severe COVID-19 and are good markers to differentiate severe from mild cases.
Furthermore, high serum levels of IL-17 and IL-2 and low levels of IL-4 and IL-10 appear to
constitute a cytokine profile of long COVID-19, and these markers are potential targets for
COVID-19 treatment and prevention strategies.
Keywords: SARS-CoV-2, COVID-19, long COVID-19, risk factor, cytokines
INTRODUCTION

Coronavirus disease 2019 (COVID-19) has had a great impact on
people’s lives worldwide. The disease and its consequences have
been the cause of death for more than 5 million individuals in the
past two years (WHO, 2022). Infection caused by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) is responsible
for COVID-19, which is characterized by symptoms ranging from
fever to the development of severe acute respiratory syndrome
(SARS) (Wang et al., 2020). The presence of different signs and
symptoms determines the different clinical conditions of the
disease, which can be asymptomatic, mild, moderate, severe or
critical (WHO, 2021).

In most patients, SARS-CoV-2 infection is asymptomatic,
especially in children (approximately 80%), but 20% of patients
require admission to the intensive care unit (ICU); the mortality
rate of these patients is 25%, with most deaths attributed to
severe inflammation and thromboembolic complications
(Buszko et al., 2020).

The duration and severity of COVID-19 is related to several
factors, including viral (mutations) (Nagy et al., 2021) and host
(age, sex, comorbidities and immunological) factors (Wang et al.,
2021; Chang et al., 2021). SARS-CoV-2 infection begins with its
binding to the ACE2 protein of alveolar epithelial cells, which
induces activation of the innate and adaptive immune responses
through the production and interaction of chemokines, colony-
stimulating factors, interferons, interleukins, and tumor necrosis
factor-a (TNF-a). These factors increase vascular permeability,
determining COVID-19 development (Kaur et al., 2021; Torres
et al., 2022).

As immunity is the essential component that determines the
type of interaction between the pathogen and the host in any
infectious disease; when the immune response is dysregulated, it
contributes to disease pathogenesis, as in the case of a “cytokine
storm” (Chen et al., 2021).

The term “cytokine storm” was coined to describe intense
production of cytokines in infectious processes responsible for
triggering immunopathological reactions (Teijaro, 2017).
Among the inflammatory mediators released by immune cells,
the cytokines IFN-a, IFN-g, IL-1b, IL-6, IL-12, IL-18, IL-33,
TNF-a and TGF-b are highlighted, and altered levels are
associated with different clinical features of COVID-19 (Huang
et al., 2021a; Chang et al., 2021). Indeed, cytokine storms
correlate with the severity and progression of COVID-19 and
can result in serious complications such as acute respiratory
distress syndrome (ARDS) and multiple organ failure, which are
the leading causes of death from the disease (Kunnumakkara
et al., 2021).
gy | www.frontiersin.org 24041
Another complexity of COVID-19 is the emergence of new
symptoms after the acute infection or illness. Patients infected
with SARS-CoV-2 may continue to experience a variety of
symptoms after the established period of COVID-19, which are
not explained by other causes. These symptoms include fatigue,
shortness of breath, “brain fog”, sleep disturbances, fevers,
gastrointestinal symptoms, anxiety and depression and can
persist for months and range from mild to disabling (Collins,
2021; Parums, 2021).

The immune response is a critical factor in the evolution of
COVID-19, and assessment of this response in different
populations can provide a better understanding of how the
host response influences the severity of the disease in some
individuals, even though the majority of those infected with
SARS-CoV-2 are asymptomatic or develop mild symptoms
(Mortaz et al., 2020). Accordingly, we evaluated the levels of
IL-17, IFN-g, TNF-a, IL-10, IL-6, IL-4 and IL-2 in patients with
clinical COVID-19 and long COVID-19, with cases classified as
mild, moderate and severe, and associations with risk factors for
sex, age and presence of comorbidities.
MATERIALS AND METHODS

Study Population and Sample Collection
The present study involved blood samples from 317 patients
diagnosed with COVID-19 and classified according to the
criteria established by the World Health Organization (WHO,
2021). The assessment included individuals of both sexes aged 18
years and over, who had not been vaccinated against SARS-CoV-
2, and who were attended at the post-COVID-19 outpatient
clinic at Universidade do Estado do Pará, Hospital Adventista de
Belém or Instituto Evandro Chagas from July 2020 to May 2021.
The group of post-COVID-19 patients included those who
sought the long COVID-19 outpatient clinic at least 30 days
after the recovery from acute COVID-19.

A total of 317 patients (n=317) were enrolled in our study
aiming to access the cytokine profiles according to the symptoms
severe (n=91), moderate (n=53) and mild (n=173), presented in
the moment of acute disease. Aiming to analyze the cytokine
profile among recovered patients of COVID-19 (n=225) that
looked attending the long COVID-19 outpatient clinic at the
Universidade do Estado do Pará, we divided the individuals into
two groups: post-COVID-19 with (n=135) and without (n=90)
sequelae (long COVID-19).

A 10-mL blood sample was collected by intravenous
puncture using a vacuum collection system containing
ethylenediaminetetraacetic acid (EDTA) as an anticoagulant.
June 2022 | Volume 12 | Article 922422
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The samples were transported to the Virology Laboratory of the
Federal University of Pará, where they were processed to separate
plasma and leukocytes; the former was used to determine
cytokine levels.

Serum Cytokine Levels
Quantification of serum cytokine levels was performed using the
flow cytometry technique and Cytometric Bead Array Kit (CBA)
Human Th1/Th2/Th17 (BD Biosciences, San Diego, CA, USA)
with BD FACS Canto II equipment. All procedures followed the
manufacturer’s guidelines. The methodology used is based on
beads conjugated with a capture antibody: six populations of
beads with different fluorescence intensities conjugated to a
specific capture antibody for each cytokine are mixed to form
the CBA, and results are determined using the FL-3 channel of a
flow cytometer. The bead populations were observed according
to their respective fluorescence intensities: from least bright to
brightest (IL-17< IFN-g < TNF-a < IL-10 < IL-6 < IL-4 < IL-2).

Statistical Analysis
The information obtained was entered into a database in
Microsoft Office Excel 2013 software. Normality of the
distribution of cytokine levels was analyzed using the Shapiro–
Wilk test. Based on the results of the normality test, the
evaluation of variations in the plasma levels of these markers
between groups was performed using the nonparametric Mann–
Whitney test. RStudio 4.0.2 software was used to assess the
correlation (Pearson correlation) between IL-6 levels and age in
the acute COVID-19 group. The frequency of epidemiological
variables was estimated using direct counting, and the
significance of differences between the groups was calculated
using Fisher’s exact test and the chi-square test. All tests were
performed using the GraphPad Prism 5.0 program, and results
with a p value < 0.05 were considered significant.
RESULTS

Table 1 shows the median cytokine levels of patients with severe
and mild/moderate acute COVID-19 (acute SARS-CoV-2
infection) and individuals who recovered from the disease
(with and without sequelae).

Assessment of cytokine levels among patients with acute
COVID-19 and individuals in the post-COVID-19 period
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 34142
showed significantly higher levels of IL-17 (p=0.0002;
Figure 1A), TNF-a (p<0.0001; Figure 1C) and IL-2 (p<0.0001;
Figure 1G) in the post-COVID-19 group and higher levels of
IL-6 (p<0.0001; Figure 1E) in the acute COVID-19 group. The
cytokines levels IFN-y (Figure 1B), IL-10 (Figure 1D) and IL-4
(Figure 1F) did not show significant differences between
the groups.

Comparison of cytokine levels showed that patients with
severe acute COVID-19 had significantly higher levels of IL-6
(p=0.0260; Figure 2E) as compared to mild/moderate group.
Conversely, in the group of post-COVID-19 subjects, no
significant differences in cytokine level among those with
severe clinical forms compared to mild/moderate forms were
observed (Figures 2A–G).

Some variables, such as sex, age and comorbidities (diabetes
mellitus, hypertension, chronic kidney disease, obesity and
immunosuppression), which can influence the immune response,
were evaluated in relation to the clinical manifestations of patients
with COVID-19 and levels of cytokines. When comparing the
frequencies of the variables between the groups of patients
with COVID-19, all variables showed significant differences
(Table 2). The severe group had a higher frequency of males
(p=0.0027), patients aged over 60 years (p<0.0001) and
comorbidities (p<0.0001).

In the group with acute COVID-19, cytokine levels were
evaluated in relation to epidemiological variables (Table 3).
Patients aged 21-40 years had higher levels of TNF-a (p=
0.0257), and those over age 60 had higher levels of IL-6, with a
p value close to statistical significance (p=0.0636). Patients
without comorbidities had higher levels of TNF-a (p=0.0030),
IL-4 (p=0.0020) and IL-2 (p=0.0021); IL-6 levels were higher in
patients with comorbidities, but without statistical significance
(p=0.0891). Analysis of IL-6 levels with the age in those with
acute COVID-19 showed a slightly positive correlation (r= 0.218;
p= 0.0381), but there was no correlation between the variables
when the evaluation was performed according to the different
clinical forms of the disease (Figure 3). IL-6 levels were higher in
hospitalized patients admitted to the ICU (median= 15.41) than
in those who did not require intensive care (median= 12.59), but
the difference was not significant (p= 0.3353).

The post-COVID-19 group was divided into individuals who
were undergoing medical follow-up for sequelae (long COVID)
and those who had recovered and had no sequelae. Assessment
of cytokine levels between these groups showed that individuals
TABLE 1 | - Median cytokine levels evaluated among patients with different clinical COVID-19 and post-COVID-19 conditions.

Clinical condition IL-17Median
(IQR)

IFN-gMedian
(IQR)

TNF-aMedian
(IQR)

IL-10Median
(IQR)

IL-6Median (IQR) IL-4Median (IQR) IL-2Median (IQR)

COVID-19 15.45 (15.90) 8.13 (3.15) 6.20 (3.25) 9.50 (3.21) 12.22 (8.31) 8.83 (15.90) 6.88 (7.57)
Post-COVID-19 20.46 (15.59) 8.54 (2.51) 7.92 (4.65) 9.64 (3.19) 8.58 (4.47) 8.73 (89.48) 8.44 (2.72)
COVID-19
Severe 15.80 (16.24) 8.42 (2.94) 6.17 (3.66) 9.46 (3.22) 13.53 (11.35) 8.04 (5.72) 6.81 (2.46)
Mild/Moderate 15.16 (15.28) 7.32 (3.58) 6.30 (3.19) 9.50 (4.14) 10.98 (5.01) 9.31 (5.72) 8.18 (2.60)
Post-COVID-19
Severe 20.41 (13.09) 8.34 (3.76) 6.85 (6.76) 8.78 (2.95) 8.22 (4.6) 7.59 (7.61) 7.60 (3.26)
Mild/Moderate 20.50 (15.85) 8.57 (2.26) 8.23 (4.2) 9.75 (3.24) 8.67 (4.47) 8.83 (7.89) 8.60 (2.66)
Ju
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with long COVID (sequelae) had higher levels of IL-17
(p=0.0035; Figure 4A) and IL-2 (p=0.0219; Figure 4G) and
that individuals without sequelae had higher levels of IL-10
(p=0.0406; Figure 4D) and IL-4 (p<0.0001; Figure 4F). A
correlogram of cytokine levels in long COVID-19 patients
revealed a positive correlation for most cytokines (Figure 5).
The cytokines levels IFN-y (Figure 4B), TNF-a (Figure 4C) and
IL-6 (Figure 4E) did not show significant differences between
the groups.
DISCUSSION

The main risk factors for severe and long COVID-19 include age,
male sex, smoking, presence of comorbidities (obesity, diabetes,
hypertension, heart disease) and variations in the immune
response of the host (Zhou et al., 2020; Ejaz et al., 2020; Wang
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 44243
et al., 2021; Chang et al., 2021). Evidence suggests that age is the
most significant risk factor for the severe form of COVID-19 and
related complications (Chen et al., 2021). In the present study,
subjects in the post-COVID-19 group had higher levels of IL-17,
TNF-a and IL-2 as compared to the acute COVID-19 group. In
contrast, patients in the acute COVID-19 group had higher levels
of IL-6. Younger patients had higher levels of TNF-a, and
patients without comorbidities had higher levels of TNF-a, IL-
4 and IL-2. Patients over age 60, with comorbidities, had higher
levels of IL-6. In the post-COVID-19 group, subjects with long
COVID-19 had higher levels of IL-17 and IL-2 and subjects
without sequelae had higher levels of IL-10, IL-6 and IL- 4.

The death rate from COVID-19 is directly related to age,
whereby older age is associated with greater risk. The rate varies
from 0.4 to 3.3% in patients aged 40 years or younger, from 1.3 to
4.85% in those aged 40-50 years, 3.6-6.4% in those aged 60-70,
8.0 to 12.6% in those aged 70-80, and 14.8%-25.9% in those older
than 80 (Chen et al., 2021). Overall, rates of hospitalizations, ICU
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FIGURE 1 | Cytokine levels according to different clinical manifestations of COVID-19. Comparison of cytokine levels (A) IL-17, (B) IFN-y, (C) TNF-a, (D) IL-10, (E)
IL-6, (F) IL-4 and (G) IL-2, between patients with acute COVID-19 and individuals in the post-COVID-19 period. Mann-Whitney test.
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FIGURE 2 | Cytokine profiles in acute and post-COVID-19 syndrome. Comparison of cytokine levels of patients with severe and mild/moderate COVID-19 and post-
COVID-19. Mild/Mod: mild/moderate. Mann-Whitney Test. (A) IL-17, (B) IFN-y, (C) TNF-a, (D) IL-10, (E) IL-6, (F) IL-4 and (G) IL-2.
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admissions, and death from COVID-19 increase with age (CDC
COVID-19 Response Team, 2020), which occurs because of
immune system remodeling or immunosenescence, rendering
individuals more susceptible to infections, with more severe
disease symptoms and lower response to vaccination (Pawelec,
2018; Bichara et al., 2021a; Bichara et al., 2021b). IL-6 levels
showed a slight correlation with advanced age in acute COVID-
19. However, there was no correlation of cytokine level with age
according to the different clinical forms, which suggests that age
may contribute to the increase in IL-6 levels but that these two
factors are not sufficient to define the severity of the disease.
Although IL-6 levels were higher in older patients with acute
COVID-19, cytokine levels showed no statistically significant
difference between age groups in this group, possibly due to the
small sample size, which is a limitation of the study.

In our study, patients with the severe form of acute COVID-19
had higher levels of IL-6 and had some type of comorbidity (diabetes
mellitus, hypertension, obesity, and immunosuppression). In the
evaluation of patients with acute COVID-19, regardless of disease
severity, individuals with comorbidities had higher levels of IL-6 (but
without statistical significance). Comorbidities can contribute to the
development of COVID-19 and are associated with worse prognosis
due to the establishment of complex inflammatory symptoms (Ejaz
et al., 2020; Fang et al., 2020).
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 64445
The IL-6 contributes to inflammation in all insulin target
tissues, including fat, the liver, and muscle, indicating the role of
IL-6 in driving obesity and in the pathogenesis of systemic
insulin resistance (Rocha and Folco, 2011; El-Kadre and
Tinoco, 2013). In addition to IL-6, variations in the levels of
different cytokines are involved in the development of different
comorbidities (Mirhafez et al., 2014; Donath et al., 2019;
Moghbeli et al., 2021). Although the cytokines TNF-a, IL-4
and IL-2 were not associated with severe COVID-19 in the
present study, lower levels of these cytokines were observed in
patients with comorbidities who had acute COVID-19.

The main risk factors associated with COVID-19, related to
advanced age and the presence of comorbidities, are conditions
characterized by constant low-grade activation of the
inflammatory response (Geerlings and Hoepelman, 1999;
Maggio et al., 2006; Franceschi and Campisi, 2014; Rodrıǵuez-
Iturbe et al., 2014), which promote impairment of the general
immune response to infection. This suggests that although the
clinical profile of severe COVID-19 is induced by an increase in
cytokine production, it may be that this increase occurs in a
moderate way and is sufficient to intensify inflammatory
processes already existing in patients with the aforementioned
risk factors and deregulate homeostasis. Furthermore,
corticosteroid use in critically ill patients may also be
TABLE 2 | Distribution of frequencies of epidemiological variables between groups with different clinical conditions of COVID-19.

Variables Severe N = 91N (%) Mild/Moderate N = 226N (%) p

Sex
Female 40 (43.96) 131 (58.00) 0.0027*
Male 51 (56.04) 95 (42.00)
Age (years)
21-40 22 (24.18) 106 (46.90) <0.0001**
41-60 45 (49.45) 105 (46.46)
>60 24 (26.37) 15 (6.64)
Comorbidities
Yes 49 (53.85) 61 (26.99) <0.0001*
No 42 (46.15) 165 (73.01)
June 2022 | Volume 12 | Artic
N, number of individuals/samples; * Fisher’s exact test; ** Chi-square test.
TABLE 3 | Comparison of cytokine levels in relation to epidemiological variables among patients with acute COVID-19.

Variables IL-17 (pg/mL)
Median (IIQ)

IFN-g (pg/mL)
Median (IIQ)

TNF-a (pg/mL)
Median (IIQ)

IL-10 (pg/mL)
Median (IIQ)

IL-6 (pg/mL)
Median (IIQ)

IL-4 (pg/mL)
Median (IIQ)

IL-2 (pg/mL)
Median (IIQ)

Sex*
Female 15.44 (17.66) 8.21 (3.71) 6.00 (3.50) 8.96 (3.82) 12.56 (8.84) 9.43 (7.02) 6.76 (2.03)
Male 15.45 (11.58) 8.24 (3.67) 6.25 (3.28) 9.95 (3.25) 11.70 (7.90) 8.09 (4.75) 6.96 (1.80)
p 0.9735 0.7270 0.7688 0.1618 0.8733 0.2121 0.3360

Age (years)**
21-40 15.80 (9.30) 8.37 (3.09) 7.67 (3.94) 8.56 (2.32) 11.39 (4.27) 10.34 (4.82) 7.44 (2.10)
41-60 15.31 (16.76) 8.35 (3.29) 6.78 (2.94) 9.59 (3.50) 12.71 (9.24) 8.46 (5.26) 6.88 (1.95)
>60 11.74 (16.76) 8.05 (3.05) 5.95 (3.14) 10.43 (2.80) 14.51 (11.97) 7.86 (5.17) 5.52 (1.77)
p 0.6310 0.9853 0.0257 0.1674 0.0636 0.2700 0.1263

Comorbidities *
Yes 16.40 (17.03) 7.70 (2.87) 5.69 (2.33) 9.63 (4.67) 13.13 (11.68) 7.27 (4.88) 6.61 (1.73)
No 15.45 (9.30) 8.65 (3.02) 7.05 (3.59) 9.39 (3.08) 11.35 (4.96) 10.19 (4.84) 7.49 (1.68)
p 0.9922 0.2527 0.0030 0.9893 0.0891 0.0020 0.0021
IIQ, interquartile range; * Mann–Whitney test; ** Kruskal–Wallis test.
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associated with lower levels of cytokines compared to those with
less aggressive forms of the disease.

IL-6 also contributes to increase vascular permeability and
cause interstitial edema and tissue damage (Marin et al., 2001;
Riedemann et al., 2003; Lowe et al., 2004). An increase in these
events is related to the severity of COVID-19 and is responsible
for many deaths (Klok et al., 2020; Helms et al., 2020; Wool and
Miller, 2021).

Although the severity of COVID-19 is related to risk factors
such as advanced age and comorbidities, Del Valle et al. (2020)
noted that elevated serum levels of IL-6, IL-8, and TNF-a in
COVID-19 patients at the time of hospitalization were strong
and independent predictors of patient survival. IL-6 was one of
the most robust prognostic markers of survival (surpassing CRP,
D-dimer and ferritin), and elevated IL-6 levels were associated
with severity and predictive of poor outcome. In our study,
among the cytokines evaluated, only high levels of IL-6 were
associated with the severity of COVID-19, confirming the
relevance of this cytokine in the outcome of the disease. In this
sense, maintenance of high levels of IL-6 in patients with the
severe form of COVID-19 might be mainly related to
the consequence of the inflammatory process resulting from
the main risk factors for the disease, the presence of different
comorbidities and advanced age and will contribute to
intensifying the inflammatory process and the development of
severe clotting events.

Some studies have evaluated symptoms related to long COVID-
19 (Fernández-de-Las-Peñas et al., 2021; Abdallah et al., 2021;
Huang et al., 2021a; Huang et al., 2021b; Logue et al., 2021;
Augustin et al., 2021; Shuwa et al., 2021). However, most of these
studies evaluated the long COVID-19 symptoms among patients
who were hospitalized, i.e., only from patients who had severe
COVID-19. Augustin et al. (2021) evaluated post-COVID
syndrome in outpatients, but in order to correlate clinical
symptoms with IgG antibodies, they did not evaluate molecular
markers of inflammation. Cytokine IL-6 has been proposed as a
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 74546
potential mediator of neuropsychiatric symptoms of long COVID-
19, possibly related to its persistence (Kappelmann et al., 2021). This
relationship was not observed in our study, since individuals in the
post-COVID-19 group had lower levels of IL-6, compared to
patients with acute COVID-19. Furthermore, in the post-COVID
group there was no significant difference in IL-6 levels between
individuals with and without sequelae in the COVID-19 group. The
relationship of IL-6 levels with the development of symptoms in
long COVID-10, including neuropsychiatric symptoms, needs to be
better investigated.

Shuwa et al. (2021) identified a likely risk of developing
prolonged symptoms of COVID-19 in hospitalized patients,
noting that convalescent patients had a lower frequency of IL-
10+ CD4+ T cells, IL-17+ CD4+ T cells, and IL-6+ B cells,
compared to individuals with acute COVID-19. Although in
our study we identified lower levels of IL-10 in the long COVID-
19 group compared to subjects without sequelae in the post-
COVID-19 group, IL-17 levels were higher in those subjects with
long COVID-19. Furthermore, no difference was observed in IL-
6 levels between the groups. The difference between the results
presented here and those observed by Shuwa et al. (2021) may be
due to the clinical moment at which the patients were analyzed.
In our study, evaluated individuals in the post-COVID-19
period, including individuals with and without sequelae, as
well as individuals who had acute COVID-19 with different
clinical manifestations (mild, moderate and severe), showing that
the development of long COVID-19 may not be related only with
the severity of acute COVID-19. In addition, it was possible to
identify immuno-inflammatory molecular patterns, through the
characterization of the cytokine profile, which may be related to
long COVID-19.

In relation to individuals in the post-COVID-19 group,
higher levels of IL-10 and IL-4 were observed in the group that
did not present sequelae after the disease. This suggests better
control of the inflammatory process due to increased levels of
anti-inflammatory cytokines in these individuals. Furthermore,
FIGURE 3 | Correlation of IL-6 levels and age in acute COVID-19. Correlation of all patients and patients with mild/moderate and severe forms of the disease.
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individuals who continued to experience sequelae after infection
(long COVID) had significantly higher levels of IL-17 and IL-2
and lower levels of Il-4 and IL-10, suggesting a possible
“molecular signature” for long COVID characterized by a
Th17 inflammatory profile with a reduced anti-inflammatory
response mediated by IL-4 and IL-10, that must be confirmed by
other studies enrolling a largest sample size.

The correlation of cytokine levels in the long COVID-19
group was positive among most of the cytokines evaluated.
Hence, although the disease is associated with variations in
levels of certain cytokines, it appears to induce an increase in
levels of cytokines related to different types of inflammatory
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 84647
response. Post-COVID syndrome (long COVID) has been
associated with residual inflammation, organ damage,
preexisting health conditions or nonspecific effects due to
hospitalization or prolonged ventilation (Moreno-Pérez et al.,
2021), conditions easily related to the severe form of the disease.
Nonetheless, it is important to emphasize that SARS-CoV-2
shows tropism for the nervous system, and neurological
manifestations can be observed in patients with different
clinical forms of the disease (mild, moderate and severe),
ranging from anosmia, ageusia, headache, stroke, Guillain–
Barré syndrome, seizure and encephalopathy (Camargo-
Martıńez et al., 2021). Thus, it is possible that microvascular
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FIGURE 4 | Cytokine profile in the long COVID-19. Comparison of cytokine levels (A) IL-17, (B) IFN-y, (C) TNF-a, (D) IL-10, (E) IL-6, (F) IL-4 and (G) IL-2, between
individuals with and without post-COVID-19 symptoms (sequelae). Mann-Whitney test.
June 2022 | Volume 12 | Article 922422

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Queiroz et al. Cytokine Profiles and COVID-19
inflammation in cells of the nervous system during infection may
trigger mild symptoms of the disease (Lechner-Scott et al., 2021),
which may persist even after the infection has resolved.

The consequences of the long COVID-19 are impacting health
care resources, as up to 30% of the associated health burden may
be due to prolonged disability induced by COVID-19 rather than
mortality (Parums, 2021). Therefore, understanding the biological
basis of long COVID-19 will allow us to identify factors that
predispose to the development of long-term complications and
guide effective therapies. In this sense, several studies have been
developed, such as the REACT-GE study (in partnership with
Genomics England) that aims to look for biological signatures that
may be linked to the development of long COVID-19 and whether
genes affect the severity of the COVID-19 and its long-term
progression (Post-COVID-19 syndrome: in it for the long
haul, 2021)

Some studies have evaluated the molecular signature of acute
COVID-19 cytokines by different methodologies (Bergamaschi
et al., 2021; Freire et al., 2021; Szabo et al., 2021; Schimke et al.,
2022). In our study, IL-6 levels were associated with the severe form
of acute COVID-19. Bergamaschi et al. (2021) also identified IL-6
persistence in severe disease, along with the TNF-a. In contrast,
other studies have shown that disease severity was related to
elevated levels of myeloid chemoattractants and neutrophil
activation (Freire et al., 2021; Szabo et al., 2021; Schimke et al.,
2022). Possible differences in results (molecular profiles) observed
between different studies may be due to differences in methods used
for investigation, different times of sample collection during
infection, or even due to differences in the immunogenetic
background of the investigated population. Therefore,
identification of a molecular profile in relation to long COVID-19
still needs to be further investigated. Even though several studies
have evaluated the main symptoms of long COVID-19 (Abdallah
et al., 2021; Augustin et al., 2021; Darley et al., 2021; Fernández-de-
Las-Peñas et al., 2021; Logue et al., 2021; Wu et al., 2021; Huang et
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 94748
al., 2021a; Huang et al., 2021b), none of them investigated
the association of cl inical manifestations with the
immunoinflammatory profile of cytokines. Our study showed, for
the first time, evidence for the existence of a long COVID-19-
associated cytokine profile in a cohort of the Brazilian Amazon
region. Further evaluated in studies conducted with larger cohorts
from distinct geographic areas is needed.

Our results are important because it was possible to identify
differences in cytokine synthesis and identify characteristic
profiles in acute COVID-19 (higher levels of IL-6) and long
COVID-19 (high levels of IL-2 and IL- 17).

In conclusion, the present study shows that advanced age, the
presence of comorbidities and elevated serum IL-6 levels are
associated with the severity of COVID-19 and represent good
markers to differentiate severe COVID-19 from mild clinical
forms. Furthermore, high serum levels of IL-17 and IL-2, as well
as low levels of IL-4 and IL-10, appear to constitute a long
COVID-19 cytokine profile (molecular signature), and
identification of these markers as a potential target may
establish more adequate treatment and prevention strategies
for specific groups.
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(FAPESPA #005/2020 and #006/2020) and Secretaria de Estado
de Ciência, Tecnologia e Educação Profissional e Tecnológica
(#09/2021).

ACKNOWLEDGMENTS
The authors thank all patients who agreed to voluntarily
participate in this study.
REFERENCES
Post-COVID-19 syndrome: in it for the long haul. (2021). EBioMedicine 67,

103424. doi: 10.1016/j.ebiom.2021.103424
Abdallah, S. J., Voduc, N., Corrales-Medina, V. F., McGuinty, M., Pratt, A.,

Chopra, A., et al. (2021). Symptoms, Pulmonary Function, and Functional
Capacity Four Months After COVID-19. Ann. Am. Thorac. Soc 18, 1912–1917.
doi: 10.1513/AnnalsATS.202012-1489RL

Augustin, M., Schommers, P., Stecher, M., Dewald, F., Gieselmann, L., Gruell, H.,
et al. (2021). Post-COVID Syndrome in non-Hospitalised Patients With
COVID-19: A Longitudinal Prospective Cohort Study. Lancet Reg. Health
Eur. 6, 100122. doi: 10.1016/j.lanepe.2021.100122

Bergamaschi, L., Mescia, F., Turner, L., Hanson, A. L., Kotagiri, P., Dunmore, B. J.,
et al. (2021). Longitudinal Analysis Reveals That Delayed Bystander CD8+ T
Cell Activation and Early Immune Pathology Distinguish Severe COVID-19
From Mild Disease. Immunity 54, 1257–1275. doi: 10.1016/j.immuni.
2021.05.010

Bichara, C. D. A., da Silva Graça Amoras, E., Vaz, G. L., da Silva Torres, M. K.,
Queiroz, M. A. F., do Amaral, I. P. C., et al. (2021b). Dynamics of Anti-SARS-
CoV-2 IgG Antibodies Post-COVID-19 in a Brazilian Amazon Population.
BMC Infect. Dis. 21, 443. doi: 10.1186/s12879-021-06156-x

Bichara, C. D. A., Queiroz, M. A. F., da Silva Graça Amoras, E., Vaz, G. L.,
Vallinoto, I. M. V. C., Bichara, C. N. C., et al. (2021a). Assessment of Anti-
SARS-CoV-2 Antibodies Post-Coronavac Vaccination in the Amazon Region
of Brazil. Vaccines (Basel) 9, 1169. doi: 10.3390/vaccines9101169

Buszko, M., Park, J. H., Verthelyi, D., Sen, R., Young, H. A., and Rosenberg, A. S.
(2020). The Dynamic Changes in Cytokine Responses in COVID-19: A
Snapshot of the Current State of Knowledge. Nat. Immunol. 21, 1146–1151.
doi: 10.1038/s41590-020-0779-1

Camargo-Martıńez, W., Lozada-Martıńez, I., Escobar-Collazos, A., Navarro-
Coronado, A., Moscote-Salazar, L., Pacheco-Hernández, A., et al. (2021).
Post-COVID 19 Neurological Syndrome: Implications for Sequelae's
Treatment. J. Clin. Neurosci. 88, 219–225. doi: 10.1016/j.jocn.2021.04.001

CDC COVID-19 Response Team. (2020). Severe Outcomes Among Patients With
Coronavirus Disease 2019 (COVID-19) - United States, February 12-March
16, 2020. MMWR Morb. Mortal. Wkly. Rep. 69, 343–346. doi: 10.15585/
mmwr.mm6912e2

Chang, S. H., Minn, D., Kim, S. W., and Kim, Y. K. (2021). Inflammatory Markers
and Cytokines in Moderate and Critical Cases of COVID-19. Clin. Lab. 67 (9).
doi: 10.7754/Clin.Lab.2021.210142

Chen, Y., Klein, S. L., Garibaldi, B. T., Li, H., Wu, C., Osevala, N. M., et al. (2021).
Aging in COVID-19: Vulnerability, Immunity and Intervention. Ageing Res.
Rev. 65, 101205. doi: 10.1016/j.arr.2020.101205

Collins, F. S. (2021) NIH Launches New Initiative to Study “Long COVID”
(Bethesda, MD, USA: National Institutes of Health). Available at: https://
www.nih.gov/about-nih/who-we-are/nih-director/statements/nih-launches-
new-initiative-study-long-covid (Accessed 27/05/2022).

Darley, D. R., Dore, G. J., Byrne, A. L., Plit, M. L., Brew, B. J., Kelleher, A., et al.
(2021). Limited Recovery From Post-Acute Sequelae of SARS-CoV-2 at 8
Months in a Prospective Cohort. ERJ Open Res. 7, 00384–02021. doi: 10.1183/
23120541.00384-2021

Del Valle, D. M., Kim-Schulze, S., Huang, H. H., Beckmann, N. D., Nirenberg, S.,
Wang, B., et al. (2020). An Inflammatory Cytokine Signature Predicts COVID-
19 Severity and Survival. Nat. Med. 6, 1636–1643. doi: 10.1038/s41591-020-
1051-9

Donath, M. Y., Dinarello, C. A., and Mandrup-Poulsen, T. (2019). Targeting
Innate Immune Mediators in Type 1 and Type 2 Diabetes. Nat. Rev. Immunol.
19, 734–746. doi: 10.1038/s41577-019-0213-9

Ejaz, H., Alsrhani, A., Zafar, A., Javed, H., Junaid, K., Abdalla, A. E., et al.
(2020). COVID-19 and Comorbidities: Deleterious Impact on Infected
Patients. J. Infect. Public Health 13, 1833–1839. doi: 10.1016/j.jiph.
2020.07.014

El-Kadre, L. J., and Tinoco, A. C. (2013). Interleukin-6 and Obesity: The Crosstalk
Between Intestine, Pancreas and Liver. Curr. Opin. Clin. Nutr. Metab. Care 16,
564–568. doi: 10.1097/MCO.0b013e32836410e6

Fang, X., Li, S., Yu, H., Wang, P., Zhang, Y., Chen, Z., et al. (2020).
Epidemiological, Comorbidity Factors With Severity and Prognosis of
COVID-19: A Systematic Review and Meta-Analysis. Aging (Albany NY) 12,
12493–12503. doi: 10.18632/aging.103579

Fernández-de-Las-Peñas, C., Palacios-Ceña, D., Gómez-Mayordomo, V.,
Rodrıúez-Jiménez, J., Palacios-Ceña, M., Velasco-Arribas, M., et al. (2021).
Long-Term Post-COVID Symptoms and Associated Risk Factors in Previously
Hospitalized Patients: A Multicenter Study. J. Infect. 83, 237–279. doi: 10.1016/
j.jinf.2021.04.036

Franceschi, C., and Campisi, J. (2014). Chronic Inflammation (Inflammaging) and
its Potential Contribution to Age-Associated Diseases. J. Gerontol A Biol. Sci.
Med. Sci. 69, S4–S9. doi: 10.1093/gerona/glu057

Freire, P. P., Marques, A. H., Baiocchi, G. C., Schimke, L. F., Fonseca, D. L.,
Salgado, R. C., et al. (2021). The Relationship Between Cytokine and
Neutrophil Gene Network Distinguishes SARS-CoV-2-Infected Patients by
Sex and Age. JCI Insight 6, e147535. doi: 10.1172/jci.insight.147535

Geerlings, S. E., and Hoepelman, A. I. (1999). Immune Dysfunction in Patients
With Diabetes Mellitus (DM). FEMS Immunol. Med. Microbiol. 26, 259–265.
doi: 10.1111/j.1574-695X.1999.tb01397.x

Helms, J., Tacquard, C., Severac, F., Leonard-Lorant, I., Ohana, M., Delabranche,
X., et al. (2020). High Risk of Thrombosis in Patients With Severe SARS-CoV-2
Infection: A Multicenter Prospective Cohort Study. Intensive Care Med. 46,
1089–1098. doi: 10.1007/s00134-020-06062-x

Huang, C., Huang, L., Wang, Y., Li, X., Ren, L., Gu, X., et al. (2021b). 6-Month
Consequences of COVID-19 in Patients Discharged From Hospital: A Cohort
Study. Lancet 397, 220–232. doi: 10.1016/S0140-6736(20)32656-8

Huang, C., Wang, Y., Li, X., Ren, L., Zhao, J., Hu, Y., et al. (2021a). Clinical
Features of Patients Infected With 2019 Novel Coronavirus in Wuhan, China.
Lancet 395, 497–506. doi: 10.1016/S0140-6736(20)30183-5

Kappelmann, N., Dantzer, R., and Khandaker, G. M. (2021). Interleukin-6 as
Potential Mediator of Long-Term Neuropsychiatric Symptoms of COVID-
19. Psychoneuroendocrinology 131, 105295. doi: 10.1016/j.psyneuen.
2021.105295
June 2022 | Volume 12 | Article 922422

https://doi.org/10.1016/j.ebiom.2021.103424
https://doi.org/10.1513/AnnalsATS.202012-1489RL
https://doi.org/10.1016/j.lanepe.2021.100122
https://doi.org/10.1016/j.immuni.2021.05.010
https://doi.org/10.1016/j.immuni.2021.05.010
https://doi.org/10.1186/s12879-021-06156-x
https://doi.org/10.3390/vaccines9101169
https://doi.org/10.1038/s41590-020-0779-1
https://doi.org/10.1016/j.jocn.2021.04.001
https://doi.org/10.15585/mmwr.mm6912e2
https://doi.org/10.15585/mmwr.mm6912e2
https://doi.org/10.7754/Clin.Lab.2021.210142
https://doi.org/10.1016/j.arr.2020.101205
https://www.nih.gov/about-nih/who-we-are/nih-director/statements/nih-launches-new-initiative-study-long-covid
https://www.nih.gov/about-nih/who-we-are/nih-director/statements/nih-launches-new-initiative-study-long-covid
https://www.nih.gov/about-nih/who-we-are/nih-director/statements/nih-launches-new-initiative-study-long-covid
https://doi.org/10.1183/23120541.00384-2021
https://doi.org/10.1183/23120541.00384-2021
https://doi.org/10.1038/s41591-020-1051-9
https://doi.org/10.1038/s41591-020-1051-9
https://doi.org/10.1038/s41577-019-0213-9
https://doi.org/10.1016/j.jiph.2020.07.014
https://doi.org/10.1016/j.jiph.2020.07.014
https://doi.org/10.1097/MCO.0b013e32836410e6
https://doi.org/10.18632/aging.103579
https://doi.org/10.1016/j.jinf.2021.04.036
https://doi.org/10.1016/j.jinf.2021.04.036
https://doi.org/10.1093/gerona/glu057
https://doi.org/10.1172/jci.insight.147535
https://doi.org/10.1111/j.1574-695X.1999.tb01397.x
https://doi.org/10.1007/s00134-020-06062-x
https://doi.org/10.1016/S0140-6736(20)32656-8
https://doi.org/10.1016/S0140-6736(20)30183-5
https://doi.org/10.1016/j.psyneuen.2021.105295
https://doi.org/10.1016/j.psyneuen.2021.105295
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Queiroz et al. Cytokine Profiles and COVID-19
Kaur, S., Bansal, R., Kollimuttathuillam, S., Gowda, A. M., Singh, B., Mehta, D.,
et al. (2021). The Looming Storm: Blood and Cytokines in COVID-19. Blood
Rev. 46, 100743. doi: 10.1016/j.blre.2020.100743

Klok, F. A., Kruip, M. J. H. A., van der Meer, N. J. M., Arbous, M. S., Gommers, D.
A. M. P. J., Kant, K. M., et al. (2020). Incidence of Thrombotic Complications
in Critically Ill ICU Patients With COVID-19. Thromb. Res. 191, 145–147.
doi: 10.1016/j.thromres.2020.04.013

Kunnumakkara, A. B., Rana, V., Parama, D., Banik, K., Girisa, S., Henamayee, S.,
et al. (2021). COVID-19, Cytokines, Inflammation, and Spices: How are They
Related? Life Sci. 284, 119201. doi: 10.1016/j.lfs.2021.119201

Lechner-Scott, J., Levy, M., Hawkes, C., Yeh, A., and Giovannoni, G. (2021). Long
COVID or Post COVID-19 Syndrome. Mult. Scler. Relat. Disord. 55, 103268.
doi: 10.1016/j.msard.2021.103268

Logue, J. K., Franko, N. M., McCulloch, D. J., McDonald, D., Magedson, A., Wolf,
C. R., et al. (2021). Sequelae in Adults at 6 Months After COVID-19 Infection.
JAMA Netw. Open 4, e210830. doi: 10.1001/jamanetworkopen.2021.0830

Lowe, G. D., Rumley, A., McMahon, A. D., Ford, I., O'Reilly, D. S., Packard, C. J.,
et al. (2004). Interleukin-6, Fibrin D-Dimer, and Coagulation Factors VII and
XIIa in Prediction of Coronary Heart Disease. Arterioscler. Thromb. Vasc. Biol.
24, 1529–1534. doi: 10.1161/01.ATV.0000135995.39488.6c

Maggio, M., Guralnik, J. M., Longo, D. L., and Ferrucci, L. (2006). Interleukin-6 in
Aging and Chronic Disease: A Magnificent Pathway. J. Gerontol A Biol. Sci.
Med. Sci. 61, 575–584. doi: 10.1093/gerona/61.6.575

Marin, V., Montero-Julian, F. A., Grès, S., Boulay, V., Bongrand, P., Farnarier, C.,
et al. (2001). The IL-6-Soluble IL-6Ralpha Autocrine Loop of Endothelial
Activation as an Intermediate Between Acute and Chronic Inflammation: An
Experimental Model Involving Thrombin. J. Immunol. 167, 3435–4342.
doi: 10.4049/jimmunol.167.6.3435

Mirhafez, S. R., Mohebati, M., Feiz Disfani, M., Saberi Karimian, M., Ebrahimi, M.,
Avan, A., et al. (2014). An Imbalance in Serum Concentrations of
Inflammatory and Anti-Inflammatory Cytokines in Hypertension. J. Am.
Soc. Hypertens. 8, 614–623. doi: 10.1016/j.jash.2014.05.007

Moghbeli, M., Khedmatgozar, H., Yadegari, M., Avan, A., Ferns, G. A., and
Ghayour Mobarhan, M. (2021). Cytokines and the Immune Response in
Obesity-Related Disorders. Adv. Clin. Chem. 101, 135–168. doi: 10.1016/
bs.acc.2020.06.004
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The outbreak and worldwide spread of coronavirus disease 2019 (COVID-19),

which is caused by severe acute respiratory syndrome coronavirus 2 (SARS-

CoV-2), has been a threat to global public health. SARS-CoV-2 infection not

only impacts the respiratory system but also causes hepatic injury. Ferroptosis,

a distinct iron-dependent form of non-apoptotic cell death, has been

investigated in various pathological conditions, such as cancer, ischemia/

reperfusion injury, and liver diseases. However, whether ferroptosis takes part

in the pathophysiological process of COVID-19-related liver injury has not

been evaluated yet. This review highlights the pathological changes in COVID-

19-related liver injury and presents ferroptosis as a potential mechanism in the

pathological process. Ferroptosis, as a therapeutic target for COVID-19-related

liver injury, is also discussed. Discoveries in these areas will improve our

understanding of strategies to prevent and treat hepatic injuries caused by

COVID-19.

KEYWORDS

COVID-19, ferroptosis, liver, SARS-CoV-2, hyperferritinemia
Introduction

Since it was first reported in December 2019, severe acute respiratory syndrome

coronavirus 2 (SARS-CoV-2) has become a severe threat to public health. The World

Health Organization (WHO) declared the SARS-CoV-2 infection epidemic an

international public health emergency, naming it coronavirus disease 2019 (COVID-

19) on 11 February 2020. According to the WHO COVID-19 dashboard, the number of

confirmed cases of COVID-19 has exceeded 500 million, leading to more than six

million deaths.
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SARS-CoV-2 is an RNA virus and has a tropism for cells

expressing angiotensin-converting enzyme 2 (ACE2) receptors

(Wan et al., 2020). Respiratory symptoms, such as fever,

pharyngalgia, and dry cough, are the most common

complaints from patients with COVID-19. However, the lung

is not the only organ affected by SARS-CoV-2; the virus can

affect various systems and result in multiple organ failure (Zaim

et al., 2020).

Ferroptosis is a relatively novel cell death type that was first

termed by Dixon et al. in 2012 (Dixon et al., 2012). Ferroptosis is

an iron-dependent regulated cell death (RCD) characterized by

iron overload and lipid peroxidation. The main morphological

features of ferroptosis are mitochondrial shrinkage accompanied

by increased mitochondrial membrane density and degenerated

mitochondrial crista without changes in the nucleus (Dixon

et al., 2012). Ferroptosis is regulated by several metabolic

pathways, including iron, lipid, and amino acid metabolisms

(Yan et al., 2021). Once the balance of iron absorption, storage,

and exportation is disrupted, excessive cytosolic Fe2+ catalyzes

the Fenton reaction and activates iron-dependent metabolic

enzymes, leading to the production of highly reactive hydroxyl

radicals (·OH) and oxidized polyunsaturated fatty acids

(PUFAs) and eventually promoting the accumulation of lipid

reactive oxygen species (ROS) and ferroptosis (He et al., 2022).

In contrast, the metabolism of amino acids, especially the system

Xc–glutathione–glutathione peroxidase 4 (system Xc-/GSH/

GPX4) axis, is central to eliminating lipid ROS, with GPX4

regarded as a key regulator of ferroptosis (Yang et al., 2014).

During ferroptosis, GPX4 expression is downregulated, while

iron absorption and PUFA oxidation are upregulated.

Additionally, two GPX4-independent pathways, nicotinamide

adenine dinucleotide phosphate–ferroptosis suppressor protein

1–Coenzyme Q10 (Bersuker et al., 2019; Doll et al., 2019) and

guanosine triphosphate cyclohydrolase 1–tetrahydrobiopterin/

dihydrobiopterin axis (Kraft et al., 2020), allegedly participate in

the regulation of ferroptosis.

At present, ferroptosis can be induced by four classes of

compounds collectively called ferroptosis-inducing agents

(FINs). These include (i) FINs that inhibit system Xc- and

prevent cystine imports, like erastin, sorafenib, and

sulfasalazine; (ii) FINs that directly inhibit GPX4, such as Ras-

selective lethal small molecule 3 (RSL3), (1S,3R)-RSL3; (iii) FINs

that degrade GPX4, for example, FIN56; and (iv) FINs that

indirectly inhibit GPX4 (Li et al., 2020).

Researchers from many fields have meticulously investigated

ferroptosis in the past decade and have proposed it as a novel

therapeutic target for a variety of diseases, including cancer

(Alvarez et al., 2017; Lee et al., 2020), ischemia/reperfusion

injury (Friedmann Angeli et al., 2014; Fang et al., 2019), and

neurodegenerative disorders (Do Van et al., 2016; Park et al.,

2021). Recently, the role of ferroptosis in various types of liver

diseases, for instance, hepatitis, non-alcoholic fatty liver disease

(NAFLD), liver cirrhosis, and hepatocellular carcinoma, has
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been explored as well (Chen et al., 2022). Liver injury has been

reported as a common feature in COVID-19 (Amin, 2021);

however, to date, no investigation has elucidated the potential

role of ferroptosis in COVID-19-related liver injury. Recent

studies showed that hepatitis virus caused liver injury through

ferroptosis (Komissarov et al., 2021; Liu et al., 2021). In addition,

chrysophanol could attenuate hepatitis B virus-induced hepatic

fibrosis by inhibiting ferroptosis (Kuo et al., 2020). Hence,

ferroptosis might also participate in SARS-CoV-2 infection-

associated liver injury.

In this review, we deliberate current evidence pointing to a

potential pathogenic role for ferroptosis in COVID-19-related

liver injury and discuss potential therapeutic options with

ferroptosis as the target.
COVID-19 and liver injury

Although SARS-CoV-2 mostly affects the respiratory system,

the virus also causes the dysfunction of other organs. A few

studies have shown that liver injury occurs in patients with

COVID-19 (Huang et al., 2020; Guan et al., 2020; Fan et al.,

2020; Cai et al., 2020). COVID-19-related hepatic injury is

characterized primarily by elevated levels of alanine

aminotransferase and/or aspartate aminotransferase as well as

macrovesicular and microvesicular steatosis, lobular and portal

inflammation, ductular proliferation, and liver cell necrosis

(Nardo et al., 2021). Additionally, decreased albumin and

increased total bilirubin levels, along with alkaline phosphatase

and gamma-glutamyl transferase, have been reported in

COVID-19 patients (Wang et al., 2020; Yadav et al., 2021).

However, not all SARS-CoV-2-infected patients have elevated

transaminase. Patients with severe COVID-19 are more likely to

have increased liver enzymes compared to non-severe COVID-

19 patients (Guan et al., 2020). Furthermore, patients with viral

hepatitis have a higher risk of severe COVID-19 (Hariyanto

et al., 2022), and the risk could increase further in the presence of

other comorbidities such as diabetes and cardiovascular diseases

(Zhou et al., 2020; Gold et al., 2020). Moreover, NAFLD (Singh

et al., 2021), cirrhosis (Choudhary et al., 2021; Qi et al., 2021),

and hepatic carcinoma (Chagas et al., 2020) increase the risk of

progression to severe COVID-19, which might be partly because

the expression of ACE2 is significantly amplified in liver fibrotic/

cirrhotic conditions (Paizis et al., 2005; Huang et al., 2009).

Recently, Sonzogni et al. found SARS-CoV-2 in liver samples

from deceased COVID-19 patients (Sonzogni et al., 2020). In

addition, Wanner et al. (Wanner et al., 2022) detected SARS-

CoV-2 RNA in approximately 70% of autopsied liver specimens

and isolated infectious SARS-CoV-2 from liver tissues

postmortem. They also established that SARS-CoV-2 liver

tropism is associated with the upregulation of interferon (IFN)

responses, providing comprehensive evidence of the direct

impact of SARS-CoV-2 on the liver.
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A broad spectrum of potential mechanisms of COVID-19-

associated hepatic dysfunctions has been proposed, including

direct cytotoxicity due to the active viral replication of SARS-

CoV-2 in hepatocytes and biliary epithelial cells, immune and

cytokine-mediated liver destruction stemming from severe

inflammatory responses, coagulopathy-driven vascular

microthrombosis, endotheliopathy resulting from hypoxic and/

or ischemic injury, congestion from right heart failure, and drug-

induced liver injury (Amin, 2021; Nardo et al., 2021; Moreira

et al., 2021).
The link between COVID-19
and ferroptosis

Nowadays, several studies have provided evidence of

ferroptosis in COVID-19. The ferroptosis signature was first

reported in a 48-year-old male COVID-19 patient with

cardiogenic shock (Jacobs et al., 2020). In this case, the

authors found that E06 staining, which reflects lipid

peroxidation during ferroptosis, was positive in the patient’s

cardiomyocytes. Additionally, staining with E06 and 4-

hydroxynonenal (a reactive breakdown product of lipid

peroxides that carry out ferroptosis) was positive in renal

proximal tubulin. However, it is unclear whether ferroptosis is

directly induced by SARS-CoV-2 or if it is secondary to the

pathological processes caused by COVID-19, such as ischemia/

reperfusion injury. A Vero cell study found a significantly low

mRNA expression of GPX4 after SARS-CoV-2 infection (Wang

et al., 2021). In another investigation, the lung tissues of

hamsters infected with SARS-CoV-2 exhibited increased

apoptosis and ferroptosis (Bednash et al., 2022), indicating

that SARS-CoV-2 possibly has a direct effect on ferroptosis.

Most recently, Han et al. (Han et al., 2022) determined that

SARS-CoV-2 infected human embryonic stem cell-derived

SAN-like pacemaker cells and highlighted ferroptosis as a

potential mechanism for cardiac arrhythmias in COVID-19

patients and deferoxamine (DFO, an iron chelator) as a drug

candidate for blocking SARS-CoV-2 infect ion and

subsequent ferroptosis.

In fact, many clues point to ferroptosis as participating in

COVID-19. As the name implies, iron is pivotal to ferroptosis

because erastin-induced cell death depends on iron rather than

other metal ions (Dixon et al., 2012). Iron metabolism is one of

the major pathways that trigger ferroptosis (Chen et al., 2020).

As wi th human immunodefic i ency v i rus , human

cytomegalovirus, and hepatitis B virus, SARS-CoV-2

replication also requires iron; therefore, it is likely that more

iron would be transferred into cells through transferrin receptor

1, activating the Fenton reaction and generating excessive lipid

ROS. In addition, COVID-19 has recently been proposed as a

part of the hyperferritinemic syndrome because of several
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similar clinical and laboratory characteristics, including high

serum ferritin and cytokine storm (Perricone et al., 2020;

Colafrancesco et al., 2020). The excess of ferritin could

contribute to the accumulation of cellular iron through

ferritinophagy, eventually resulting in ferroptosis (Mancias

et al., 2014; Dowdle et al., 2014). Besides this, SARS-CoV-2

infection activates the hepcidin pathway, which, in turn,

suppresses the exportation of Fe2+, leading to the progression

of ferroptosis (Banchini et al., 2020).

The involvement of the system Xc-/GSH/GPX4 axis,

another key pathway that regulates ferroptosis (Yang et al.,

2014), has also been investigated. The expression of GPX4, a

vital regulator of ferroptosis, is decreased, and the surface

expression of system Xc- in the hepatocytes of COVID-19

patients is lower than that in healthy individuals (Krishnan

et al., 2021). Moreover, numerous investigations have

demonstrated GSH deficiency in severe COVID-19 patients

(Bartol ini et a l . , 2021; Kumar et a l . , 2021) . GSH

supplementation has been proposed as adjunctive therapy for

COVID-19 (Guloyan et al., 2020; Silvagno et al., 2020).

Like the iron and amino acid metabolic pathways, the lipid

metabolic pathway also plays an essential role in the regulation

of ferroptosis. During ferroptosis, PUFAs are first converted to

PUFA–CoAs by acyl–CoA synthetase long-chain family

member 4 (Kuch et al., 2014; Doll et al., 2017). The PUFA–

CoAs are then esterified by lysophosphatidylcholine

acyltransferase 3 to generate phospholipids containing

polyunsaturated fatty acid chains (PUFA-PLs). Finally,

lipoxygenases oxidized PUFA-PLs to generate excessive lipid

ROS (Yang et al., 2016; Kagan et al., 2017). Some researchers

have suggested that lipid peroxidation is a hallmark of poor

outcomes in COVID-19 patients (Martin-Fernandez et al., 2021;

Zarkovic et al., 2021).

Taken together, three major pathways of ferroptosis are

involved in COVID-19, and along with the direct evidence of

the SARS-CoV-2 infection-induced signature of ferroptosis, it is

reasonable to deduce that there is an association between

ferroptosis and COVID-19.

Next, we discuss the potential role of ferroptosis in SARS-

CoV-2 infection-caused liver injury.
Ferroptosis possibly participates in
COVID-19-associated liver injury

Although the molecular mechanisms by which ferroptosis

causes liver diseases are largely unknown, mounting evidence

indicates that ferroptosis is fundamental to the pathogenesis of

numerous types of liver diseases (Chen et al., 2022)—for

example, ferroptosis probably promotes the progression of

NASH by activating inflammatory responses, oxidative stress,

and cell damage (Tsurusaki et al., 2019). In addition, ferroptosis
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is associated with the replication of hepatitis C virus (Yamane

et al., 2021) and liver fibrosis (Yuan et al., 2022). Therefore, we

hypothesize that ferroptosis might be involved in COVID-19-

related liver injury as well (Figure 1).

Notably, the histopathological changes in the livers of

patients with SARS-CoV-2 infection largely consist of hepatic

steatosis, Kupffer cell activation, thrombosis, and inflammatory

infiltration (Sonzogni et al., 2020; Diaz et al., 2020; Lagana et al.,

2020; Zhao et al., 2021). Here we examine the potential links

between ferroptosis and these pathological features.
Ferroptosis and hepatic steatosis

Hepatic steatosis is defined as increased lipid accumulation

in hepatocytes of at least 5% of liver weight, usually caused by the

disruption of hepatic lipid homeostasis (Manne et al., 2018). A

postmortem study of 48 patients who died from COVID-19 in

two main hospitals in northern Italy noted hepatic steatosis in

54% of the samples (Sonzogni et al., 2020). Besides this, a meta-

analysis of autopsy data from five studies, including 116

COVID-19 patients, also observed that more than half of the

patients infected with SARS-CoV-2 displayed hepatic steatosis

(Diaz et al., 2020). In addition to autopsy studies, the computed

tomography scans of SARS-CoV-2-positive patients have
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exhibited higher frequencies of hepatic steatosis as well

(Medeiros et al., 2020).

In patients with NASH, hepatocytic ferroptosis is arguably

the trigger for inflammation (Tsurusaki et al., 2019), and

liproxstatin-1 could reverse the severity of hepatic steatosis in

mice fed with a methionine/choline-deficient diet (Qi et al.,

2020). Additionally, enoyl coenzyme A hydratase 1, a key

component in mitochondrial fatty acid b-oxidation, alleviates
hepatic steatosis by inhibiting ferroptosis (Liu et al., 2021).

Hence, suppressing ferroptosis could be a therapeutic strategy

for ameliorating COVID-19-caused hepatic steatosis.
Ferroptosis and thrombosis

There is evidence that SARS-CoV-2 stimulates thrombosis

as a result of increased coagulation and decreased fibrinolysis

(Sastry et al., 2022). The SARS-CoV-2 virus enters the

endotheliocyte through the ACE2 receptor, leading to the

accumulation of inflammatory cells and release of cytokines.

As a result, endothelial cell death and vessel wall injury occur

and finally contribute to the formation of thrombus (Shao et al.,

2021). Nuclear factor erythroid 2-related factor 2 constitutes an

imperative target for the suppression of ferroptosis and

associated endothelial cell inflammation and thrombosis (Shao
FIGURE 1

The potential link between ferroptosis and COVID-19-related liver injury. SARS-CoV-2 recognizes the angiotensin-converting enzyme 2
receptor in the alveoli, especially type II alveolar cells. SARS-CoV-2 subsequently reaches the blood circulation through the damaged blood–air
barrier. Next, SARS-CoV-2 further infects the liver. After the infection, a plethora of transferrins carrying Fe3+ is transferred into the cell through
transferrin receptor1. Eventually, Fe3+ is transformed to Fe2+ by STEAP family member 3, in addition to the Fe2+ degraded from excessive ferritin
by nuclear receptor coactivator 4—contributing to the accumulation of ferrous iron in the cell. Numerous cytokines are also released during
the infection, stimulating hepcidin expression, suppressing ferroportin, and aggravating the accumulation of iron even more. On the other hand,
SARS-CoV-2 decreases the expression of GPX4, facilitating the iron overload-induced Fenton reaction, accompanied by polyunsaturated fatty
acids, and producing massive amounts of lipid reactive oxygen species. Ultimately, ferroptosis occurs and causes liver injury.
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et al., 2021). Furthermore, ferroptosis and platelet activation are

interconnected, accompanied by proteasome and inflammasome

activations, leading to thromboembolism (NaveenKumar

et al., 2019).
Ferroptosis and inflammatory infiltration

Intense inflammatory reactions have been recorded in the

portal and lobular regions during a SARS-CoV-2 infection.

Meanwhile, Kupffer cells, an indispensable component of the

liver, have also been shown to be activated and to participate in

the inflammatory process (Nardo et al., 2021). In fact, ferroptosis

and inflammatory infiltration in COVID-19 might be of

reciprocal causation, forming a vicious circle. In the course of

COVID-19, plenty of cytokines are released, among which

interleukin-6 (IL-6) is the precise factor that stimulates

hepcidin and ferritin syntheses (Moore and June, 2020).

Eventually, the increments in hepcidin and ferritin contribute

to iron overload, Kupffer cell activation (Li et al., 2022), and

ferroptosis. Once the ferroptosis of hepatocytes occurs, damage-

associated molecular patterns, inflammatory cytokines, and

chemokines are released (Martin-Sanchez et al., 2017), which,

in turn, enhance the infiltration of inflammatory cells and

further aggravate COVID-19-associated liver injury.

Taken together, despite no direct evidence yet

demonstrating the role of ferroptosis in SARS-CoV-2

infection-related liver injury, we believe that ferroptosis

participates in the process of COVID-19-related liver injury in

the following ways: (1) ferroptosis is closely associated with

hepatic steatosis, which is one of the main characteristics of

COVID-19-related liver injury; (2) SARS-CoV-2 stimulates the

release of hepcidin, a peptide hormone produced by hepatocytes,

leading to iron overload in the liver and triggering ferroptosis;

and (3) SARS-CoV-2 infection disrupts the metabolism of lipids,

potentially promoting lipid peroxidation in the context of iron

overload. Moreover, ferroptosis-related liver injury in the course

of a COVID-19 infection may share some similar mechanisms

with other liver diseases, including but not limited to

inflammatory reactions, immune responses, oxidative stress,

and cell damage. Naturally, because direct cytotoxicity

resulting from viral replication is considered the main

mechanism of SARS-CoV-2-induced hepatic injury, the impact

of ferroptosis on the replication of the virus could be the major

difference in ferroptosis-induced liver injury between COVID-

19 and other non-viral liver diseases.
Therapeutic opportunities

The discussion up to this point suggests a close link between

ferroptosis and COVID-19-associated liver injury. Hence,
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targeting ferroptosis could be a promising therapeutic option.

So far, ferroptosis can be suppressed mainly by iron chelators

and lipophilic antioxidants. Iron chelators, like DFO,

deferasirox, and deferiprone, chelate iron and prevent lipid

peroxidation by regulating the Fenton reaction. Lipophilic

antioxidants, including ferrostatin-1 (Fer-1), liproxstatin-1

(Lip-1), and a-tocopherol, scavenge lipid peroxides and

block ferroptosis.

Deferoxamine has been shown to inhibit the replication of

human immunodeficiency virus type-1 (Georgiou et al., 2000)

and enhance hepatitis B virus infection response to IFN-a
treatment (Bayraktar et al., 1996). In addition, deferoxamine

decreases the levels of IL-6, the central inflammatory cytokine

released during COVID-19, indicating that deferoxamine could

be a potential drug treatment for COVID-19-induced liver

injury. However, others have argued that deferoxamine is

probably harmful to COVID-19 since iron chelators aggravate

anemia from inflammation, weakening the ability of the host

innate immunity to be counterproductive (Garrick and

Ghio, 2021).

Fer-1 and Lip-1 are well-known ferroptosis inhibitors.

Numerous studies have demonstrated that these inhibitors

prevent the progression of liver steatosis and fibrosis (Qi et al.,

2020; Liu et al., 2021; Zhu et al., 2021); however, no investigation

has yet assessed the impact of their efficiency in the treatment of

COVID-19. a-Tocopherol is a type of vitamin E reported to have

the ability to suppress the SARS-CoV-2-RNA-dependent RNA

polymerase (Pacl et al., 2021) and inhibit the main protease

(Linani et al., 2022). Selenium, n-acetylcysteine, and polyphenols

are all antioxidants and are regarded as ferroptosis suppressors;

however, the administration of n-acetylcysteine yielded no

benefit to severe COVID-19 sufferers, and the effects of

selenium and polyphenols on COVID-19 are yet to be

determined in larger clinical trials (Iddir et al., 2020; de

Alencar et al., 2021; Balboni et al., 2022).

Notably, SARS-CoV-2 infection-induced tissue injury-

related cell death is not limited to ferroptosis. Several other

types of regulated cell deaths have also been linked to COVID-19

(Yapasert et al., 2021; Paolini et al., 2021). Therefore,

simultaneously inhibiting different cell death types could

alleviate SARS-CoV-2-induced injuries. Necrostatin-1, a widely

used inhibitor of necroptosis, suppresses ferroptosis as well

(Tonnus et al., 2021). It has been shown to protect against

acetaminophen-induced hepatotoxicity (Takemoto et al., 2014;

Saleh et al., 2021), which possibly participates in drug-generated

liver injury during COVID-19.

Furthermore, inflammatory cytokine storms are thought to

be critical factors in the causation of multiple organ failure

syndrome in severe COVID-19 patients. Combining anti-

inflammatory cytokines and interfering with ferric ion

metabolism to improve the patients’ resilience would be

promising and should be investigated in future studies.
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Conclusion and perspectives

Liver injury is common in patients infected with SARS-CoV-

2, but the mechanism of COVID-19-related liver injury is largely

unknown. Given the potential association between ferroptosis

and liver histopathological changes in patients with COVID-19,

we hypothesize that ferroptosis participates in SARS-CoV-2

infection-related liver injury. Targeting ferroptosis could be a

promising strategy to reduce COVID-19-related hepatic injury.

However, to the best of our knowledge, there is no evidence

of ferroptosis signature in the liver tissues of COVID-19 patients,

let alone clinical trials evaluating inhibitors of ferroptosis in

COVID-19-related liver injury. Although much progress has

been made in our understanding of the pathological role of

ferroptosis in liver diseases, we still have no idea of the precise

role of ferroptosis, if any, in SARS-CoV-2-impaired liver and

how ferroptosis drives the initiation of inflammation

contributing to liver injury. By extension, we even have no

idea whether ferroptosis during COVID-19 is the result of

SARS-CoV-2 infection or if it is a compensatory mechanism

to facilitate the replication and toxicity of SARS-CoV-2.

Generally, several mechanisms are involved in ferroptosis, and

we have described the link between three major ferroptosis

pathways and COVID-19. However, we have no idea whether

all these elements play significant roles in COVID-19-related

hepatic injury.

Recent studies have identified apoptosis (Wang et al., 2020;

Shirazi Tehrani et al., 2022) and autophagy (Shirazi Tehrani

et al., 2022), the two most widely known RCD types, in the

hepatic tissues of patients with COVID-19 as well. Moreover,

pyroptosis, another form of RCD, is also said to contribute to

COVID-19 pathogenesis (Junqueira et al., 2022). Therefore, it is

rather difficult to decipher which RCD type is dominant in

COVID-19-related liver injury. Studies using different

antagonists to target corresponding cell death types in SARS-

CoV-2-caused liver injury models could provide a better

understanding of the matter.

Furthermore, even if ferroptosis can be considered a therapeutic

target for COVID-19-related hepatic injury, other questions must

still be answered: which sensitive biomarkers of ferroptosis can be

identified, when should therapy start, and how can ferroptosis be

inhibited without affecting healthy cells? What is more, the use of

iron chelators could impact the hepatic iron metabolism, which, in

turn, would disrupt iron-related cellular processes, such as energy

production, oxygen transport, and DNA synthesis (Sheftel et al.,

2012; Dev and Babitt, 2017) as well as impair immune response to

the pathogen (Girelli et al., 2021). All these questions must be

resolved to provide a complete and convincing argument for the

clinical application of ferroptosis inhibitors.
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Cell death is the termination of various pathophysiological

processes and the basis of tissue injury. As a novel but important

cell death type, ferroptosis might be a new and effective target for

preventing and treating hepatic damage after a SARS-CoV-2

infection. Investigations are needed to establish the occurrence

of ferroptosis in COVID-19 and elucidate its exact mechanism as

well as its association with COVID-19-related liver injury.
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Changes in the seroprevalence
and risk factors between the
first and second waves of
COVID-19 in a metropolis in
the Brazilian Amazon
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Aline Cecy Rocha de Lima1,2, Carlos Neandro Cordeiro Lima1,2,
Wandrey Roberto dos Santos Brito1,2,
Janete Silvana S. Gonçalves1,2, Onayane dos Santos Oliveira1,2,
Vanessa de Oliveira Freitas1, Bernardo Cintra dos Santos1,
Renata Santos de Sousa1,2, Jayanne Lilian Carvalho Gomes1,
Bruno José Sarmento Botelho1, Ana Carolina Alves Correa1,
Luiz Fernando A. Machado1,2, Rosimar Neris Martins Feitosa1,2,
Sandra Souza Lima1,2, Izaura Maria Vieira Cayres Vallinoto1,2

and Antonio Carlos R. Vallinoto1,2*

1Laboratory of Virology, Institute of Biological Sciences, Federal University of Pará, Belém, Brazil,
2Graduate Program in Biology of Infectious and Parasitic Agents, Federal University of Pará,
Belém, Brazil
In Brazil, the coronavirus disease 2019 (COVID-19) epidemic spread rapidly in a

heterogeneous way, mainly due to the different socioeconomic and behavioral

characteristics of different regional populations and different evaluation periods. We

performed a cross-sectional study including 1,337 individuals (first wave = 736/second

wave=601) after the first twowaves ofCOVID-19 in the city of Belém, the capital of the

state of Pará. Thedetectionof IgGanti-SARS-CoV-2 antibodieswas performedusing an

enzyme-linked immunosorbent assay test followed by statistical analysis using the

RStudio program. Our results showed an increase in the seroprevalence (first wave=

39.1%/second wave= 50.1%) of anti-severe acute respiratory syndrome coronavirus 2

(SARS-CoV-2) IgG antibodies in the population of Belém from the first to the second

pandemic wave. Advanced age, primary or secondary education level, lack of social

isolation, and a low frequency of protective mask use were considered risk factors for

SARS-CoV-2 infection during the first wave compared to the secondwave. This study is

oneof the firsts to provide important information about the dynamics of virus circulation

and the groups vulnerable to exposure in the two major periods. Our data emphasize

the socioeconomic characteristics of the affected population and that

nonpharmacological prevention measures are crucial for combating the pandemic.
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Introduction

As of March 19, 2022, Brazil had reported approximately

29,882,397 confirmed cases of severe acute respiratory syndrome

coronavirus 2 (SARS-CoV-2) infection and approximately

659,241 deaths due to coronavirus disease 2019 (COVID-19)

(Brasil, 2022a). In the state of Pará, northern Brazil, the number

of cases and deaths, respectively, was higher at the peak of the

first wave (from May 2020 to February 2021) of COVID-19 than

at the peak of the second wave (in March 2021). The city of

Belém, the capital of the state, thus far has reported 135,542

confirmed cases and approximately 5,294 deaths, with a case

fatality rate (3.91%) that is higher than that observed for the state

of Pará (2.42%) (SESPA, 2022). Incidence, prevalence, and

mortality rates have varied throughout the country, depending

on the region and the strategies adopted to control viral spread,

which have been inconsistent among states of the federation over

time (Ribeiro et al., 2020).

At the population level, the incidence of infection during

each period, the factors associated with symptomatic or

asymptomatic disease, and the duration of the antibody

response against infection remain unclear. Seroprevalence

studies allow a better understanding of the course of the

disease in the general population and the identification of

population groups less protected by public health measures,

generating important information that stimulates the

formulation of more efficient prevention strategies for future

epidemic waves.

Therefore, our study sought to assess the seroprevalence of

IgG anti-SARS-CoV-2 antibodies in the population of the city of

Belém at two key moments in the COVID-19 pandemic, after

the first and second wave of the pandemic, respectively. In

addit ion, we sought to ident i fy and compare the

socioeconomic and behavioral profiles and risk factors for

exposure to SARS-CoV-2 infection in the two periods to

contribute to a better description and understanding of the

impact of this pandemic in the city of Belém.
Materials and methods

Ethical aspects

The project was submitted to and approved by the National

Research Ethics Committee (CONEP) and the Ethics Committee in

Research with Human Beings of the Institute of Health Sciences of

the Federal University of Pará (CAAE: 31800720.1.0000.0018) in

compliance with the guidelines and standards of regulatory agencies

for research involving human subjects. The participants were

recruited from public calls published in different locations in the

city of Belém (schools, churches, community centers,

condominiums, and university) where health actions were carried
Frontiers in Cellular and Infection Microbiology 02
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out. Only voluntary individuals were included in the survey.

Individuals already vaccinated with one or two doses against

SARS-CoV-2, those who did not respond to the epidemiological

questionnaire, those who did not sign the informed consent form,

and those under 7 years of age were excluded from the research.

There was no overlap of the individuals analyzed in the two

study periods.

After signing the free and informed consent form, the

individuals were interviewed using a structured questionnaire

that included questions about clinical, demographic, and

behavioral characteristics related to possible risk factors for

SARS-CoV-2 infection. We obtained signed informed consent

forms from individuals aged 18 years or older. Children aged 7–

11 years and adolescents aged 12–17 years signed a free and

informed assent term, and their respective parents or guardians

signed an informed consent form.
Collection, processing, and storage
of samples

After completing the questionnaire and signing the

informed consent form, blood samples (10 ml) were collected

via venipuncture in a vacuum tube containing EDTA.

Subsequently, the samples were processed anonymously in the

virology laboratory, separating plasma and leukocytes, which

were stored at -70°C.
Study design and sampling

This cross-sectional study included 1,337 volunteer

individuals residing in the city of Belém during two major

periods: after the first wave of COVID-19 (October 2020 to

February 2021, 736 individuals) and after the second wave of

COVID-19 (March 2021 to December 2021, 601 individuals).

The following information was collected by self-declaration

from each participant: (i) sociodemographic data (age, sex,

income based on minimum wage, skin color), (ii) presence of

comorbidities, and (iii) behavioral information about prevention

measures, such as mask use, travel, hand hygiene, social

distancing, and having had contact with people infected with

SARS-COV-2. Considering that the current population of the

city of Belém was composed of a mixture of three ethnicities

(white European, indigenous, and black African) and that the

three ethnic components are completely integrated in the

current population, we classified the volunteers of the present

study based on self-identification in relation to skin color, using

the same criteria used by the IBGE (Brazilian Institute of

Geography and Statistics— https://www.ibge.gov.br) to carry

out the Brazilian census. Participant data were recorded using

EPI Info software version TM 7.2.4 (CDC, 2021) and stored on
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the local server of the Virus Laboratory of the Federal University

of Pará.
Detection of anti-SARS-CoV-2
IgG antibodies

The detection of anti-SARS-CoV-2 IgG antibodies was

performed using an enzyme-linked immunosorbent assay

(Euroimmun, Lübeck, Germany) that utilized the recombinant

structural peptide S1 (RBD domain) of the spike protein

as an antigen. The protocol followed the manufacturer’s

recommendations. The samples were classified as non-reagent

(ratio <0.8), indeterminate (0.8 ≤ ratio ≤ 1.1) or reagent (ratio

>1.1) for IgG, as suggested by the manufacturer. The assay has a

clinical sensitivity of 75−93.8% (>10−20 days to ≥21 days after

disease onset) and a specificity of 99.6% for IgG antibodies,

according to the manufacturer’s guidelines.
Statistical analysis

All analyses were performed in R Studio version 4.1.1 using

the R packages. Associations between the presence of anti-SARS-

CoV-2 IgG antibodies and the study variables were estimated

using univariate analyses and chi-square test or G test. A P-value

less than or equal to 0.05 was considered statistically significant.

Uni- and multivariate logistic regression analyses were performed

to explore the associations between risk factors (social, economic,

and behavioral characteristics and symptoms) and the presence of

anti-SARS-CoV-2 antibodies as well as the relationships between

symptomatic and asymptomatic disease and the presence of these

antibodies. To classify symptomatic individuals, the definitions

established by the Brazilian Ministry of Health (Brasil, 2020) were

used. Cases that did not meet these criteria or individuals who did

not present any symptoms were classified as asymptomatic. The

graphs presented herein were created in GraphPad Prism 8.0 and

R Studio version 4.1.1.
Results

Seroprevalence

After the first wave of COVID-19, 736 individuals were invited

and agreed to participate in the study. According to the serology

results, 275 (37.3%) individuals were classified as reagent with

regard to anti-SARS-CoV-2 IgG antibodies, 429 (58.2%) were

classified as non-reagent, and 32 (4.3%) had indeterminate

results. After the second wave, 601 individuals participated in the

study; 284 (47.2%) were classified as reagent regarding IgG anti-

SARS-CoV-2 antibodies, 274 (45.6%) were classified as non-

reagent, and 43 (7.2%) had indeterminate results.
Frontiers in Cellular and Infection Microbiology 03
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In total, only 704 individuals (95.6%) after the first wave and

558 (92.8%) after the second wave with confirmed laboratory

diagnoses were selected for statistical analysis because they had

accurate confirmation of the diagnosis (reagents or non-

reagents). Individuals with indeterminate results, that is, with

inconclusive laboratory results, were excluded from the

statistical analyzes. In both periods, the seroprevalence of anti-

SARS-CoV-2 IgG antibodies was higher in female individuals

(first wave: F = 65.1%/second wave: F = 64.4%; p = 0.8009) than

in male individuals (Table 1).

In the first wave, the seroprevalence was highest in individuals

with advanced age [≥70 years (47.6%)], which was different from

the second wave, in which younger individuals were the most

affected (19–29 years: 96.6%) (Figure 1A). Individuals with

primary and secondary education levels had the highest

seroprevalence rates in the first wave, while those with higher

education (35.9%) levels were more affected in the second wave

(Figure 1B). Self-declared brown skin color (first wave = 62.0%/

second wave = 53.9%; p = 0.0385) (Figure 1C) and a family

income ≤2 times the minimum wage (first wave = 41.9%/second

wave = 42.3%; p = 0.2953) (Figure 1D) were associated with the

highest antibody rates in the two periods. The most frequent

comorbidities in both periods were hypertension (first wave =

24.7%/second wave = 11.3%; p < 0.0001) and asthma (first wave =

9.1%/second wave = 8.10%; p = 0.6756). There was no correlation

between seropositivity for anti-SARS-CoV-2 IgG antibody and the

presence of comorbidities (Table 1).
Seroprevalence associated with
behavioral characteristics

During the second wave, there were increases in the number of

people with a travel history (OR = 0.69; 95% CI = 0.49–0.9; p =

0.0346) and with contact with infected people (OR = 0.65; 95% CI =

0.44–0.95; p = 0.0290), resulting in higher seroprevalence compared

to that in the first wave (Table 2). In addition, in the same period,

we observed reductions in the number of people who reported

wearing masks (OR = 2.89; 95% CI = 1.12–7.40; p = 0.0270),

washing their hands (OR = 1.15; 95% CI = 0.78–2.91; p = 0.2169),

and practicing social isolation (OR = 1.99; 95% CI = 1.13–3.48; p =

0.0157) (Figure 2).
Risk factors associated with SARS-
CoV-2 infection

Individuals aged between 60 and 69 years (OR = 6.41; 95%

CI = 2.12–19.3; p = 0.0009) and ≥70 years (OR = 3.41; 95% CI =

1.26–10.6; p = 0.0166), with an elementary school (OR = 3.55; 95%

CI = 1.56–10.6; p < 0.0001) or high school education level (OR =

3.44; 95% CI = 1.98–5.93; p < 0.0001), who did not use a mask

frequently (OR = 3.38; 95% CI = 1.24–9.18; p = 0.0168), and who
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TABLE 1 Socioeconomic characteristics, prevalence of comorbidities, and risk of SARS-CoV-2 infection.

Variables First Wave
(%)

95%
IC

Second wave
(%)

95%
IC

Univariate analysisOR
(95% IC)

P Multivariate analysisOR
(95% IC)

P

Total 275 (39.1) – 284 (50.1) – –

Sex

Female 179 (65.1) 59–70 183 (64.4) 58–70 (Ref)

Male 96 (34.9) 29–40 101 (35.6) 30–41 0.96 (0.67–1.35) 0.8009

Age

≤18 18 (26.9) 3–9 20 (50.0) 4–10 (Ref) (Ref)

19–29 55 (47.4) 15–24 86 (96.6) 24–35 0.72 (0.35–1.48) 0.3784

30–39 29 (31.9) 6–14 58 (33.7) 15–25 0.55 (0.2–1.20) 0.1383

40–49 48 (38.4) 13–21 44 (42.7) 11–19 1.21 (0.5–2.58) 0.6183

50–59 55 (44.7) 15–24 45 (60.8) 16–20 1.38 (0.65–2.92) 0.3958

60–69 37 (37.0) 9–17 10 (21.7) 1–5 4.11 (1.50–10.5) 0.0033 6.41 (2.12–19.3) 0.0009

≥70 30 (47.6) 7–14 9 (75.0) 1–5 3.58 (1.34–9.56) 0.0109 3.68 (1.26–10.6) 0.0166

NI 3 (15.8) – 12 (54.5) –

Education

Illiterate – – 02 (0.70) – – *

Elementary
school

38 (13.8) 9–17 23 (8.10) 4–11 4.80 (2.53–9.11) <0.0001 3.55 (1.56–8.03) <0.0001

High school 110 (40.0) 34–45 68 (23.9) 19–28 4.58 (2.82–7.44) <0.0001 3.44 (1.98–5.93) <0.0001

Undergraduate
school

89 (32.4) 36–37 102 (35.9) 30–41 3.04 (1.87–4.91) <0.0001

Graduate school 38 (13.8) 9–17 84 (29.6) 24–34 (Ref) (Ref)

NI 0 – 05 (1.76) – –

Skin color

Yellow 3 (1.1) – 07 (2.46) 0–4 0.40 (0.10–1.65) 0.2089

White 62 (22.5) 17–27 60 (21.1) 16–25 (Ref)

Black 36 (13.1) 9–17 58 (20.4) 15–25 0.59 (0.34–1.02) 0.0590

Brown 173 (62.1) 57–68 153 (53.9) 48–59 0.70 (1.62–0.74) 0.7473

NI 1 (0.4) – 06 (2.11) –

Income

≤ 1 or 2 135 (49.1) 43–55 120 (42.3) 36–48 1.22 (0.82–1.80) 0.3216

3 or 4 53 (19.3) 14–23 66 (23.2) 18–28 0.86 (0.53–1.39) 0.5490

≥5 79 (28.7) 23–34 84 (29.6) 24–34 (Ref)

NI 8 (2.9) – 14 (4.93) –

Comorbidity

Diabetes 22 (8.0) 4–11 20 (7.04) 4–10 1.15 (0.61–2.15) 0.6678

Asthma 25 (9.1) 5–12 23 (8.10) 4–11 1.13 (0.62–2.05) 0.6756

Autoimmune
disease

5 (1.8) – 05 (1.76) – 1.03 (0.29–3.60) 0.9590

Cardiovascular
disease

11 (4.0) 1–6 07 (2.46) 0–4 1.81 (0.70–4.65) 0.2215

Hypertension 68 (24.7) 19–29 32 (11.3) 7–14 2.64 (1.66–4.16) <0.0001

Obesity 13 (4.7) 2–7 10 (3.52) 1–5 1.47 (0.64–3.87) 0.3626

Tuberculosis 1 (0.4) – 0 (0.0) – –

None 157 (57.1) – 176 (62.0) – (Ref)
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Bold means the values are statiscally significant.
rsin.org

https://doi.org/10.3389/fcimb.2022.932563
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org


da Silva Torres et al. 10.3389/fcimb.2022.932563
A B

DC

FIGURE 1

The frequency of anti-SARS-CoV-2 IgG antibodies according to socioeconomic characteristics. (A) Age-associated seroprevalence. (B)
Seroprevalence associated with education level. (C) Seroprevalence associated with skin color. (D) Seroprevalence associated with family
income. NI, not informed.
TABLE 2 Seropositivity associated with behavioral characteristics after the first and second waves of COVID-19.

Variables First wave
(%)

95%
IC

Second wave
(%)

95%
IC

Univariate analysisOR
(95% IC)

P Multivariate analysisOR
(95% IC)

P

Total 275 (39.1) 284 (50.1)

Contact with an infected person

Yes 82 (29.8) 24–35 212 (74.6) 69–79 0.65 (0.44–0.95) 0.0290

No 189 (68.7) 36–74 61 (21.5) 16–26 (Ref)

NI 4 (1.5) 11 (3.87)

Social isolation

Yes 234 (85.1) 80–89 251 (88.4) 84–92 (Ref) (Ref)

No 39 (14.2) 10–18 21 (7.39) 4–10 1.99 (1.13–3.48) 0.0157 2.12 (1.13–3.94) 0.0184

NI 2 9 (0.7) 12 (4.23)

Handwashing

Rarely 24 (8.7) 5–12 16 (5.63) 3–8 1.15 (0.78–2.91) 0.2169

Many times a
day

250 (90.9) 87–94 252 (88.7) 85–92 (Ref)

NI 1 (0.4) 17 (5.63)

Use of mask

Sometimes 18 (6.5) 3–9 8 (3.7) 0–4 2.89 (1.12–7.40) 0.0270 3.38 (1.24–9.18) 0.0168

Always 245 (89.1) 85–92 236 (83.1) 78–87 (Ref) (Ref)

NI 12 (4.4) 40 (14.1)

Travel history

Yes 106 (38.5) 32–43 129 (45.4) 39–41 0.69 (0.49–0.97) 0.0346

No 167 (60.7) 55–66 147 (51.8) 45–57 (Ref)

NI 2 (0.8) 8 (2.8)
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did not practice social isolation (OR = 2.12; 95% CI = 1.13–3.94; p

= 0.0184) had a higher risk of SARS-CoV-2 infection in the first

wave of the disease than in the second (Figure 3).
Prevalence of symptoms after the first
and second waves of COVID-19

Among the anti-SARS-CoV-2 IgG seropositive participants,

62.5 and 63.4% were symptomatic and 37.5 and 36.6% were
Frontiers in Cellular and Infection Microbiology 06
6465
asymptomatic during the first and second waves, respectively.

There was no significant difference between the groups

regarding seropositivity (Figure 4A). We found a substantial

difference in symptoms between the two periods studied.

Symptoms including fever (first wave = 48.7%/second wave =

30.6%; p = 0.0039), abdominal pain (first wave = 26.5%/second

wave = 16.9%; p = 0.0339), loss of smell (first wave = 50.5%/

second wave = 29.9%; p = 0.0021), and loss of taste (first wave =

48.4%/second wave = 31.3%; p = 0.0100) were more prevalent in

the first wave than in the second wave (Figure 4B; Table 3).
FIGURE 2

Behavioral characteristics associated with seropositivity after the first and second waves of COVID-19. *, significant values (p < 0.05); ns,
nonsignificant values (p > 0.05).
FIGURE 3

Socioeconomic and behavioral variables associated with the risk of SARS-CoV-2 infection after the first two waves of COVID-19 in the city of Belém.
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Discussion

In the present study, we performed a comparative analysis of

the prevalence of anti-SARS-CoV-2 IgG antibodies against the

S1 subunit of the spike glycoprotein and the factors potentially

associated with infection after the first and second waves of

COVID-19 in the city of Belém, the capital of the state of Pará,

the largest metropolis in the Brazilian Amazon. To date, this is

one of the first seroepidemiological and comparative studies that

highlight changes in the affected population profile between two

major periods of the pandemic. Our findings indicate an increase

in seroprevalence in individuals between the first and second
Frontiers in Cellular and Infection Microbiology 07
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waves of COVID-19 in the city of Belém; moreover, the

seroprevalence was higher than that observed in Manaus (first

and second waves = 6.61%/first wave = 27.7%/second wave =

34.3%), which is considered one of the regions most affected by

the pandemic in Brazil (Lalwani et al., 2021).

Seropositivity in young adults aged 19 to 29 years was higher

in the second wave than in the first wave, during which elderly

individuals had the highest rate of infection. This result is not

surprising, as vaccination in individuals over 70 years of age

soon after the first viral wave provided protection in this group

during the second wave. Age disparities between the two

outbreak periods, similar to that observed in our study, were
A

B

FIGURE 4

Prevalence and frequency of antibodies and symptoms among symptomatic and asymptomatic individuals. (A) Percentage of +/- anti-SARS-CoV-2
IgG antibodies between symptomatic and asymptomatic individuals. (B) Frequency of symptoms characteristic of COVID-19. ns, not significant.
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also observed in other parts of the world (Capai et al., 2021;

Visscher et al., 2022). Notably, during the second wave, high

seroprevalence rates were observed in individuals with higher

education levels and with high family incomes; this was most

likely attributed to the gradual opening of institutions during the

second period (schools, bars, workplaces, and restaurants).

Our analyses showed that behavioral characteristics,

including the frequency of travel, the frequency of mask use,

hand hygiene, social isolation, and contact with infected people,

were related to a higher seroprevalence (Leung et al., 2020;

Howarda et al., 2021). It is likely that the relaxation of

prevention measures, “pandemic fatigue,” and the increasing

availability of diagnostic tests influenced this pattern.

Individuals aged 60 years or older, those had been in

elementary or high school education level, those who rarely

used protective face masks, and those who did not practice social

isolation had a higher risk of infection during the first wave of

the disease than their counterparts. We attribute this increased

risk to (i) the lack of vaccination of elderly individuals at the

beginning of the pandemic, (ii) socioeconomic discrepancies,

which are most evident in the population with low education

and/or income, among the most vulnerable populations due to

the lack of social isolation as a result of the need to guarantee

their subsistence, and (iii) the lack of information about the

proper use of masks.

The proportion of asymptomatic individuals in the

seropositive population was relatively high during both periods

(first wave = 37.5%/second wave = 36.6%) and was proportional

to those described in other regions of Brazil (Silva et al., 2020;

Borges et al., 2020; Vale et al., 2022). This finding highlights the

importance of continuous monitoring and disease prevention

measures, as the identification of asymptomatic individuals is
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still one of the main challenges and these individuals are an

important source of transmission of the virus. Among the

symptomatic population, symptoms such as fever, cough,

abdominal pain, and loss of smell and taste were the most

frequent in the first wave of the pandemic. Changes in the most

frequent symptoms occurred with the circulation of different

viral variants at different times; these variants showed differences

in not only their genomic characteristics but also their

transmissibility and pathogenesis. During the first wave, the

variants circulating in Brazil were Gamma and Alpha, and

during the second wave, the Delta variant predominated

(Brasil, 2022b).

The main limitations of the present study, which could bias the

results, were as follows: (i) the inability to investigate acute

infections at the time of sample collection and to determine the

circulating molecular variant, (ii) grouping of individuals based on

self-reported skin color, and (iii) random sampling based on the

voluntary adherence of participants. In addition, we found it

difficult to obtain additional samples due to government

lockdown decrees. On the other hand, our analyses provide

detailed data on the socioeconomic and behavioral characteristics

of the infected population (including asymptomatic and recovered

patients); these data provide more accurate estimates of the

prevalence of SARS-CoV-2 infection in the population of Belém

in the Brazilian Amazon during the two main periods of the

pandemic. This is the first epidemiological study to evaluate and

compare the risk factors for SARS-CoV-2 infection shortly after the

first two waves of COVID-19 in the capital of the state of Pará and

to show that the pandemic waves had distinct epidemiological

characteristics that need to be understood to guide the formulation

of public policies that will help prevent the further spread of

the infection.
TABLE 3 Prevalence of symptom characteristics of COVID-19 in IgG+ individuals.

Symptoms First wave (%) 95% IC Second wave 2 (%) 95% IC p

Total 275 (31.9) – 284 (50.1) – –

Fever 134 (48.7) 42–54 87 (30.6) 25–36 0.0039

Headache 164 (60.0) 53–65 176 (61.9) 56–67 0.8334

Coryza 130 (47.6) 41–53 143 (50.3) 44–56 0.7240

Cough 145 (53.5) 46–58 114 (40.1) 34–45 0.0833

Sore throat 125 (46.2) 39–51 148 (52.1) 46–57 0.9842

Body aches 161 (58.9) 52–64 132 (46.4) 40–52 0.1276

Abdominal pain 73 (26.5) 21–31 48 (16.9) 12–21 0.0339

Diarrhea 86 (31.3) 26–36 85 (29.9) 24–36 0.8699

Nausea 59 (21.5) 16–26 57 (20.0) 15–24 0.8222

Vomiting 23 (8.0) 0–4 24 (8.4) 5–11 0.9062

Loss of smell 137 (50.5) 43–55 85 (29.9) 24–35 0.0021

Loss of taste 132 (48.4) 42–53 89 (31.3) 25–36 0.0100

Shortness of breath 65 (24.0) 18–28 48 (16.9) 12–21 0.1306

Fatigue 130 (48.0) 41–53 118 (41.5) 35–47 0.4419
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In conclusion, our results showed high seroprevalence rates

after the two initial periods of the pandemic in the city of Belém.

These findings highlight the importance of serosurveillance,

especially after the easing of prevention measures, to estimate

the real impact of the COVID-19 pandemic and identify

vulnerable populations and ongoing transmission. This

information can guide the planning of adequate public health

measures and nonpharmacological interventions in areas with

few financial resources and high viral transmission rates.
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2019 (COVID-19) no brasil. Available at: https://covid.saude.gov.br/ (Accessed
19/03/2022).
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Coronavirus disease 2019 (COVID-19) is an extremely contagious illness

caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2).

Early disease recognition of COVID-19 is crucial not only for prompt diagnosis

and treatment of the patients, but also for effective public health surveillance

and response. The reverse transcription-polymerase chain reaction (RT-PCR) is

the most common method for the detection of SARS-CoV-2 viral mRNA and is

regarded as the gold standard test for COVID-19. However, this test and those

for antibodies (IgM and IgG) and antigens have certain limitations (e.g., by

yielding false-negative and false-positive results). We have developed an RNA

fluorescence in situ hybridization (FISH) method for high-sensitivity detection

of SARS-CoV-2 mRNAs in HEK 293T cell cultures as a model. After transfection

of HEK 293T cells with plasmids, Spike (S)/envelope (E) proteins and their

mRNAs were clearly detected inside the cells. In addition, hybridization time

could be reduced to 2 hours for faster detection when probe concentration

was increased. Our approach might thus significantly improve the sensitivity

and specificity of SARS-CoV-2 detection and be widely applied for the high-

sensitivity single-molecular detection of other RNA viruses (e.g., Middle East

respiratory syndrome coronavirus (MERS-CoV), Hepatitis A virus, all influenza

viruses, and human immunodeficiency virus (HIV)) in various types of samples

including tissue, body fluid, blood, and water. RNA FISH can also be utilized for

the detection of DNA viruses (e.g., Monkeypox virus, human papillomavirus

(HPV), and cytomegalovirus (CMV)) by detection of their mRNAs inside cells or

body fluid.
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Introduction

Coronavirus disease 2019 (COVID-19) is an extremely

contagious illness caused by severe acute respiratory syndrome

coronavirus 2 (SARS-CoV-2; Borges do Nascimento et al., 2021;

Aimrane et al., 2022; Al-Awwal et al., 2022). Recent evidence

indicates over 430 million cases and 5.92 million deaths

worldwide (Al-Awwal et al., 2022). The early disease

recognition of COVID-19 is crucial not only for the prompt

diagnosis and treatment of patients, but also for effective public

health surveillance, containment, and response (Borges do

Nascimento et al., 2021; Aimrane et al., 2022; Al-Awwal

et al., 2022).

Coronaviruses, which include SARS-CoV-2, severe acute

respiratory syndrome coronavirus 1 (SARS-CoV-1), and

Middle East respiratory syndrome coronavirus (MERS-CoV),

are a group of RNA viruses that can infect many different types

of animals (including mammals and birds) and cause mild to

severe respiratory infections (V’kovski et al., 2021; da Silva

Torres et al., 2022). They are spherical enveloped viruses with

a positive-sense single-stranded RNA genome (ranging from

26.4 to 31.7 kilobases) and a helically symmetrical nucleocapsid

(N; V’kovski et al., 2021). At the 5′ end, the genomic RNA

contains two large open reading frames (ORF; ORF1a and

ORF1b) encoding 16 non-structural proteins. At the 3’ end,

the genome encodes four structural proteins [spike (S), envelope

(E), membrane (M), and N], and nine accessory proteins

(ORF3a, 3b, 6, 7a, 7b, 8, 9a, 9b, and 10; V’kovski et al., 2021).

The polymerase chain reaction (PCR)-based method

(including the reverse transcription-polymerase chain reaction

(RT-PCR)) is the most commonly used for the detection of

SARS-CoV-2 viral RNA in both symptomatic and asymptomatic

patients and is considered the gold standard test for COVID-19

(Lin et al., 2015; Mardian et al., 2021; Rabaan et al., 2021; Yoo

et al., 2021). The three main SARS-CoV-2-specific, highly

conserved, and abundantly expressed genes targeted by RT-

PCR are the ORF1ab, N, and E genes (Chu et al., 2020; Corman

et al., 2020). However, RT-PCR has several limitations for SARS-

CoV-2 detection. The first is the possibility that a false-negative

result arises because of several factors ranging from sample

collection to data interpretation (Mardian et al., 2021). False

negatives have been reported in ~30% (range 10–40%) of

patients with COVID-19 (Weissleder et al., 2020). Missed

detection caused by false negatives therefore has severe

consequences because a super-spreader might remain or be

released into the community without further quarantine and/

or treatment. Some patients only produce a positive result after a

few negative results, significantly affecting and delaying follow-

up treatments. The second limitation of RT-PCR is the

possibility of a false-positive result attributable to technical
Frontiers in Cellular and Infection Microbiology 02
7071
errors (particularly contamination during sample collection

and manual RT-PCR processing; Keaney et al., 2021; Mardian

et al., 2021). The third is that the requirements for setting up an

RT-PCR laboratory are usually high. An RT-PCR laboratory

needs instruments capable of nucleic acid extraction and of

carrying out quantitative fluorescence PCR; such instruments

might only be available in some clinical laboratories (Hong et al.,

2020). In addition, a level P2 laboratory as a minimum (plus P3

protection) is needed to avoid viral cross-contamination and

infection of medical health professionals.

The COVID-19 Antibody (IgG and IgM) Test is a blood test

that determines whether an individual has previously had a

SARS-CoV-2 infection by the detection of antibodies against

specific viral proteins (Lindsay et al., 2021; Ravi et al., 2021). As

the first antibody to appear during infection, IgM is often

utilized as a marker of acute infection. With the development

of infection, the level of IgG increases, and the concentration of

IgM gradually decreases, possibly disappearing after a certain

time. Compared with the RT-PCR, the antibody test is more

straightforward, faster, and more efficient (often showing strong

sensitivity and specificity; Ravi et al., 2021). However, this test

also has certain limitations. The first is the possibility of a false-

negative result. For example, if the test is performed too early

following an infection, a negative result may be obtained (Ravi

et al., 2021). The second limitation is that specific IgM and IgG

tests also suffer from false positives arising (Lindsay et al., 2021).

For example, some weak positive results near the positive

judgment value (cut-off value) are likely to be false positives.

In addition, the presence of endogenous or exogenous

interfering substances can lead to false positives. Furthermore,

cross-reactivity is a significant challenge, since six other

coronaviruses can also infect humans (Chia et al., 2020).

The COVID-19 Rapid Antigen Test (RAT) is an

immunoassay for the qualitative detection of SARS-CoV-2 N

antigen in nasal swabs and saliva (Wang et al., 2021; Gans et al.,

2022; Khalid et al., 2022). These tests have moderate sensitivity

and specificity for the detection of SARS-CoV-2. However, false-

positive results are reported to be as high as 40% under certain

conditions (Gans et al., 2022). Therefore, the sensitivity and

specificity of the antigen assay are still inferior to those of the

RT-PCR assay and might not match the requirements for clinical

diagnosis and the screening of COVID-19 infections.

RNA fluorescence in situ hybridization (FISH; Ma et al.,

2010; Ma and Tanese, 2013) has been applied to detect several

RNA viruses including the influenza virus (Lakdawala et al.,

2014). Since SARS-CoV-2 is a positive-sense single-stranded

RNA coronavirus, our intention has been to develop a highly

sensitive and reliable RNA-FISH method for the early accurate

detection and screening of SARS-CoV-2 by using HEK 293T cell

culture as a model system.
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Materials and methods

Cell culture and transfection

Glass coverslips (round, 13mm diameter; ProSciTech,

Kirwan, QLD, Australia) were briefly rinsed with 70% ethanol

and then treated with 0.1 mg/L poly-D-lysine (PDL; Sigma,

Bayswater, VIC, Australia) for 10 min. After being washed three

times with distilled water, the coverslips were ready for the

culture of HEK 293T cells (Sigma).

10,000-15,000 HEK293T cells [in 1.0 ml Dulbecco’s

modified Eagle’s medium (DMEM; Sigma) with 10% fetal

bovine serum (FBS; Thermo Fisher Scientific, Malaga, WA,

Australia) and Penicillin (100 units/ml)-Streptomycin (100 µg/

ml; Sigma)] were seeded on the PDL-coated glass coverslips in

24-well culture plates and cultivated in a humidified SANYO

MCO-5AC incubator (SANYO, Osaka, Japan) at 37°C,

supplemented with 5% CO2.

After reaching 70-80% confluency, cells were transfected by

using the Lipofectamine™ 3000 Transfection Reagent (Thermo

Fisher Scientific) according to the instructions of the

manufacturer. In Tube 1, 0.75 µl Lipofectamine 3000 reagent

was diluted in 25 µl Opti-MEM™ I Reduced Serum Medium

(Thermo Fisher Scientific) for each well in a 24-well culture

plate. In Tube 2, 200 ng pUNO1-SARS2-S (D614G) plasmid (In

vivoGen, San Diego, California, US), 200 ng pUNO1-SARS2-E

plasmid (In vivoGen), and 0.5 µl P3000™ reagent were added to

25 µl Opti-MEM™ I Reduced Serum Medium for each well. We

used 400 ng plasmid for single transfection. The solution in Tube

2 solution was added to that in Tube 1. After being mixed well,

the mixture was incubated for 10 min at room temperature and

then added to the cell culture wells (50 µl/well). At various time

points after transfection (e.g., 2 h, 4 h, 8 h, 16 h, and 24 h), cells

were fixed and processed for further analysis.
FISH

The steps for cell culture/transfection and FISH are shown in

Supplementary Figure 1. Diethyl pyrocarbonate (DEPC)-treated

water (ribonuclease-free water) was used for the preparation of

phosphate-buffered saline (PBS) and other reagents (Ma and

Tanese, 2013). Cells on glass coverslips were rinsed briefly in
Frontiers in Cellular and Infection Microbiology 03
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PBS, fixed with 4% paraformaldehyde (PFA; Electron

Microscopy Sciences, Hatfield, PA, USA) for 10 min, and then

washed three times with PBS. The cells were subsequently

permeabilized with 0.25% Triton X-100 (Sigma) in PBS

for 5 min.

After a 5-min rinse with 1× sodium chloride/sodium citrate

(1 × SSC), coverslips (upside down on a paraffin film in a

humidified box) were incubated in 40 ml hybridization buffer

[25% dextran sulfate (Sigma), 40% formamide (Sigma), 30 mg/ml

single-stranded salmon sperm DNA (Sigma), 30 mg/ml yeast

tRNA (Sigma), 0.4% bovine serum albumin (BSA; Sigma), 20

mM ribonucleoside vanadyl complex (Sigma), 0.01 M sodium

phosphate buffer (pH 7.0), 2 × SSC] in an Extron HI 2001

hybridization oven (Bartelt Instruments, Heidelberg West,

Victoria, Australia) for 1 h at 37°C for pre-hybridization. The

cells were then hybridized with probes (single probe: 400 ng;

mixed probes: 200 ng Probe 1 + 200 ng Probe 2) diluted in 40 ml
hybridization buffer in the hybridization oven for 4 h at 37°C.

The sequences and sources of digoxin (DIG)-labeled probes are

shown in Table 1. For experiments with a 2-h hybridization

time, we utilized 800 ng probe (400 ng Probe 1 + 400 ng Probe 2)

in 40 ml hybridization buffer. As a positive control for our FISH

method, an Oligo dT probe (targeting the poly-A tail of all

mRNAs) was used to detect the total mRNAs in the HEK

293T cells.

After hybridization, cells were washed with 40% formamide/

1 × SSC for 30 min at 37°C with gentle shaking (in the

hybridization oven), followed by washes for 3 × 10 min in 1 ×

SSC with gent le shaking on an orbita l shaker at

room temperature.
Antibodies

The specificities and sources of antibodies are described

in Table 2.
Detection of DIG-labeled probes and
immunofluorescence staining

Coverslips with cells were rinsed briefly with PBS. All washes

(3×5 min) between steps were performed with PBS at room
TABLE 1 Sequences and sources of probes used for FISH.

Probe Sequences Company

BME-001 CACTAGCCATCCTTACTGCGCTTCGATTGTGTGCGTACTGCTGC/3DiG_N/ Integrated DNA Technologies(Coralville, Iowa, United States)

BME-002 GCCATCCTTACTGCGCTTCGATTGTGTGCGTACTGCTGCA/3DiG_N/ Integrated DNA Technologies

BMS-001 TGGCCATGGTACATTTGGCTAGGTTTTATAGCTGGCTTGATTGCCATAGT/3DiG_N/ Integrated DNA Technologies

BMS-002 GCACACGCCTATTAATTTAGTGCGTGATCTCCCTCAGGGT/3DiG_N/ Integrated DNA Technologies

Oligo dT Single-stranded sequence of deoxythymine (dT), 24mer-DIG Life Technologies, Grand Island, NY
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temperature. Cells were then incubated with antibody dilution

buffer [2% goat serum (Sigma) in PBS] for 20 min at room

temperature to block any potential non-specific binding sites to

the antibodies. The cells of the experimental group were incubated

with primary antibodies for 1 h at room temperature. Primary

antibodies were omitted in negative controls.

Cells were then incubated with secondary antibodies for

45 min at room temperature. Finally, coverslips (upside down)

were mounted on microscope slides (25mm× 75mm;

ProSciTech) by means of Fluorescence Mounting Medium

(DAKO, North Sydney, Australia).
Confocal microscopy and
image processing

Confocal microscopy was carried out on a Nikon C2 Plus

Confocal Microscope (Nikon Instruments, Melville, NY, USA)

with three lasers (488 nm, 561 nm, and 633 nm). A Plan Apo l
60x/1.40 oil immersion objective lens was utilized for all

imaging. The operation program for the confocal microscope

was NIS-Elements AR. Maximal intensity projection of a Z-stack

was performed by using the “Maximal intensity projection” of

the NIS-Elements AR program. 3D reconstruction was

performed by using the “Volume rendering” in the NIS-

Elements AR program. The images were then saved as bitmap

(BMP) image files and further edited (cropping and labeling) by

using Corel PaintShop Pro 2020 (Corel, Ottawa, Canada).
Results

Co-detection of SARS-CoV-2 E/S and
their mRNAs

At first, we tested our mRNA FISH by using a single DNA

probe for SARS-CoV-2 E mRNA. HEK 293T cells were

transfected with SARS-CoV-2 E plasmids. At 24 h after

transfection, SARS-CoV-2 E mRNA and protein were detected

using FISH and immunofluorescent staining, respectively. The
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results are shown in Figure 1. Abundant E mRNAs

(demonstrated by solid granular staining) were observed inside

the HEK 293T cells. Furthermore, colocalization of E protein

and mRNA (appearing yellow in the merged image) indicated

the E protein being translated (Figure 1). We also utilized optic

sectioning and 3D reconstruction for a better demonstration of E

mRNA and protein inside the HEK 293T cells (Figure 1B-D and

Supplementary Video 1).

We then tested our mRNA FISH by using two DNA probes

for SARS-CoV-2 E mRNA. HEK 293T cells were transfected

with SARS-CoV-2 E and S plasmids, and 24 h after transfection,

SARS-CoV-2 E mRNAs and E/S proteins were detected by using

FISH and immunofluorescent staining, respectively. The results

are shown in Figure 2A. We also observed abundant SARS-CoV-

2 E mRNA (solid granular staining) together with SARS-CoV-2

E/S protein (solid granular staining) inside the cells. As a positive

control for our FISH method, an Oligo dT probe (targeting the

poly-A tail of all mRNAs) was used to detect the total mRNAs in

the HEK 293T cells, and the results are shown in Figure 2B. In

negative controls, no fluorescent signals were observed when

only secondary antibodies were applied (Figure 2C).

We also tested our mRNA FISH approach by using two

DNA probes for SARS-CoV-2 S mRNA. HEK 293T cells were

transfected with SARS-CoV-2 S and E plasmids. At 24 h after

transfection, SARS-CoV-2 S mRNAs and S/E proteins were

detected by using FISH and immunofluorescent staining,

respectively. The results are shown in Figure 3A. We observed

abundant SARS-CoV-2 S mRNA (solid granular staining)

together with SARS-CoV-2 E/S protein (solid granular

staining) inside the cells. In negative controls for secondary

antibodies, no fluorescent signals were observed when primary

antibodies were omitted (Figure 3B).
FISH of SARS-CoV-2 S mRNAs at various
time points after transfection

We then checked whether, after transfection, mRNAs could

be detected at various time points mimicking viral replication in

the human body. HEK 293T cells were transfected with SARS-
TABLE 2 Specificities and sources of primary and secondary antibodies.

Target Conjugate Species and isotype Company

Digoxin(CDIG-65A) Chick IgY, polyclonal Immunology Consultants Laboratory (Portland, OR, USA)

SARS-CoV-2 1/2 Spike protein(2B3E5) Mouse IgG, monoclonal Cell Signaling Technology (Danvers, MA, United States)

SARS-CoV-2 E protein Rabbit IgG, polyclonal Abcam Australia (Melbourne, Australia)

Chick IgG Alexa Fluor® 488 Goat polyclonal Abcam Australia

Chick IgG Alexa Fluor® 555 Goat polyclonal Abcam Australia

Rabbit IgG H&L Alexa Fluor® 488 Goat polyclonal Abcam Australia

Rabbit IgG H&L Alexa Fluor® 555 Goat polyclonal Abcam Australia

Mouse IgG Alexa Fluor® 647 Goat polyclonal Abcam Australia
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CoV-2 S plasmids. At 2 h, 4 h, 8 h, and 24 h after transfection,

SARS-CoV-2 S mRNA and protein were detected using FISH and

immunofluorescent staining, respectively. The results are shown

in Figure 4. SARS-CoV-2 S mRNA was clearly demonstrated by

the solid granular staining inside HEK 293T cells at all time

points. In addition, the S protein demonstrated by granular

staining was also observed inside HEK 293T cells at all time

points. Therefore, SARS-CoV-2 mRNA and protein could be

observed as early as 2 h after transfection with S plasmid.
Frontiers in Cellular and Infection Microbiology 05
7374
FISH of SARS-CoV-2 mRNAs with
reduced hybridization time

We then checked whether the time for pre-hybridization and

hybridization could be reduced to achieve faster detection of viral

mRNAs. At 2 h, 4 h, and 16 h after transfection with SARS-CoV-2

S plasmid, HEK 293T cells were pre-hybridized for 30 min and

then hybridized with an increased amount of probes (800 ng in

total) for 2 h. The results are shown in Figure 5. We observed solid
B

C

D

A

FIGURE 1

Detection of SARS-CoV-2 E mRNA (with single probe-BME001; red) and SARS-CoV-2 E protein (green) in HEK 293T cells at 24 h after
transfection with SARS-CoV-2 E plasmids. The yellow color in merged images shows the colocalization of SARS-CoV-2 E and its mRNA (A) 2D
images for E mRNA and E protein. (B) Images are maximal intensity projections of a Z-Stack. Optical slice interval: 0.50 µm; Stack size: 6.0 µm.
(C) 3D projection by using the Z-stack in (B; cropped). (D) High-resolution view of images in (C; cropped). The white arrows indicate the
colocalization of E mRNA and E protein inside the cells. Objective lens: 60×; Scale bar: 10 µm; Nu, nucleus.
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granular FISH signals for SARS-CoV-2 S at all time points,

together with granular staining signals for SARS-CoV-2 S protein.

We also applied the same FISH protocol (with reduced pre-

hybridization and hybridization times) for SARS-CoV-2 E mRNA,

and the results are shown in Figure 6. SARS-CoV-2 E mRNA was

detectable inside HEK 293T cells at all time points (similar to the

SARS-CoV-2 S mRNA) after transfection. Although S mRNA and

E mRNA were readily detectable with reduced pre-hybridization

and hybridization times, the resulting images (shown in Figures 5-

6) were not as sharp as those shown in Figures 1-3.
Discussion

We have developed an RNA FISH approach as a high-

sensitivity single-molecular (particle) detection method for viral

mRNAs (including S and E) inside HEK 293T cells. Short DNA

probes (about 40-50 nt) have been utilized for the detection of

mRNAs, and this method enables us to conduct qualitative,
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quantitative, and cellular localization/analysis of RNAs by using

fluorescent or confocal microscopy. Although our method can

detect single-molecule mRNA (or mRNA fragments) inside the

cells, the observed granular staining might contain a few mRNAs,

since SARS-CoV-2 viral RNA replicates within double-membrane

vesicles (DMVs; Gómez et al., 2021) in the cytoplasm of HEK 293T

cells. These DMVs are similar to the mRNA granules that we have

described in previous studies, since both of them might contain a

few mRNA molecules (Ma et al., 2010; Ma et al., 2012; Lakdawala

et al., 2014; Gómez et al., 2021).We have established this method by

using cell culture on coverslips, similar to the smears made from

nasopharyngeal or oropharyngeal swabs.
RNA FISH might improve sensitivity and
reduce false negatives

In our previous studies, we have compared RT-PCR and

mRNA FISH in the detection of mRNA/RNAs (Ma et al., 2012).
B

C

A

FIGURE 2

Detection of SARS-CoV-2 E mRNA and E/S protein in HEK 293T cells at 24 h after transfection with SARS-CoV-2 E and S plasmids. (A) SARS-
CoV-2 E mRNA (with mixed probes containing BME001 and BME002), SARS-CoV-2 E, and SARS-CoV-2 S are shown in red, green, and blue,
respectively. (B) Total mRNAs (detected by Oligo dT probes), SARS-CoV-2 E, and SARS-CoV-2 S are shown in red, green, and blue, respectively.
(C) Negative controls by using secondary antibodies. Objective lens: 60×; Scale bar: 10 µm; Nu, nucleus.
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PCR is an extremely sensitive detection method since it can amplify

a specific region of DNA sequence 106 times in vitro. To detect

fluorescent signals, a threshold must be set to distinguish signal

from noise (Mardian et al., 2021; Rabaan et al., 2021). Although RT-

PCR is extremely sensitive, The Centers for Disease Control and

Prevention (CDC) assays present detection limits ranging from 85

to 499 copies/ml, depending on the extraction method and the

thermocycler used (Fung et al., 2020).

In RNA FISH, there are no requirements for RNA extraction,

reverse transcription, or DNA amplification. FISH enhances the

hybridization signal and improves the sensitivity through multiple

immunochemical reactions, and its sensitivity is comparable with

that of radioactive probes (Ma et al., 2012). Thus, RNA FISH

enables high-sensitivity single-molecular (particle) detection of

virus/viral RNA/RNA granules. The sensitivity of viral detection is

therefore improved leading to a more accurate diagnosis.

In RT-PCR, the cycle threshold (Ct) value is the cycle number at

which the fluorescence generated within a reaction crosses the

fluorescence threshold, i.e., the fluorescent signal is significantly

above that of the background fluorescence. It is inversely

proportional to the original relative expression level of the gene of

interest. However, Ct values might be affected by pre-analytic,

analytic, and post-analytic variables (such as collection technique,

specimen type, sampling time, viral kinetics, transport/storage

conditions, nucleic acid extraction, viral RNA load, primer

designing, real-time PCR efficiency, thermocycler used, and Ct
Frontiers in Cellular and Infection Microbiology 07
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value determination method; Mardian et al., 2021; Rabaan et al.,

2021). In addition, Ct threshold values can demonstrate wide

variation across differing populations and over time (Walker et al.,

2021). For data interpretation, a Ct value smaller than 40 for all target

genes is normally defined as a positive test (Mardian et al., 2021).

Therefore, extra care should be taken when interpreting the results,

especially when the Ct value is near the cut-off value. In RNA FISH,

no cut-off value similar to the Ct is needed to distinguish between

positive and negative results. Nevertheless, a threshold for

differentiating fluorescent signal from noise (similar to RT-PCR) is

needed. This type of threshold can be set up by the use of appropriate

negative controls in the FISH. In our study, we performed these

controls and obtained a clear background (low noise level).

RAT typically targets the SARS-CoV-2 N gene, which is not

a mutation hotspot. A false-negative result might occur if the N

antigen level is below the detection limit of the test. Moreover,

RAT has been reported only to have high sensitivity when the

viral load is high (e.g., 90% when 20 ≤ Ct ≤25). For example,

detection of the viral antigen might be difficult during early

infection or during the incubation period. When Ct is larger

than 25, the sensitivity of RAT might only be 10% (Barrera-

Avalos et al., 2022). In addition, RAT sensitivity might be much

lower in asymptomatic or child patients (Brümmer et al., 2021;

Fujita-Rohwerder et al., 2022). Therefore, RAT might have some

limitations in the clinical diagnosis of SARS-CoV-2, although it

is much faster and more convenient than RT-PCR or RNA FISH.
B

A

FIGURE 3

Detection of SARS-CoV-2 S mRNA and S/E proteins in HEK 293T cells at 24 h after transfection with SARS-CoV-2 S and E plasmids. (A) SARS-
CoV-2 S mRNA (with mixed probes containing BMS001 and BMS002), SARS-CoV-2 E, and SARS-CoV-2 S are shown in green, red, and blue,
respectively. (B) Negative controls by using secondary antibodies. Objective lens: 60×; Scale bar: 10 µm; Nu, nucleus.
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Our RNA FISH might overcome these problems and detect viral

mRNA at each period/stage of infection/disease.
RNA FISH might improve specificity and
reduce false positives

SARS-CoV-2 RT-PCR testing is associated with a small

number of false-positive results that are normally caused by
Frontiers in Cellular and Infection Microbiology 08
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cross-contamination or/and non-specificity of primers (Keaney

et al., 2021; Layfield et al., 2021; Mardian et al., 2021). Since RT-

PCR can amplify a DNA sequence 106 times, even a few virus/

viral mRNAs can cause false-positive results. Cross-

contamination might occur during sample collection (e.g.,

large-scale nucleic acid test) or sample preparation (e.g.,

negative samples are contaminated by strongly positive

samples nearby or a healthy person inhales a few viruses

floating in the air at the testing site; Layfield et al., 2021). In
FIGURE 4

Detection of SARS-CoV-2 S mRNA (with mixed probes containing BMS001 and BMS002; green) and SARS-CoV-2 S (blue) in HEK 293T cells
after transfection (2 h, 4 h, 8 h, and 24 h) with SARS-CoV-2 S plasmids. Objective lens: 60×; Scale bar: 10 µm; Nu, nucleus.
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RNA FISH, viral RNA/genome from cross-contamination

cannot be amplified, since there is no nucleic acid

amplification step. In addition, smears made from

nasopharyngeal or oropharyngeal swabs can be used for RNA

FISH, and it is improbable that the virus/viral mRNAs from

contamination will appear inside the cells.

The non-specificity of primers in RT-PCR is usually

attributable to the quality of the manufacturer’s reagent

(Westhaus et al., 2021). This problem might also be present in

RNA FISH. However, the lengths of the probes that we have used

in RNA FISH are about 40-50 nt, which is longer than those of

regular RT-PCR primers (about 20 nt). Longer probes will have

better specificity than shorter probes, although the

hybridization/reaction time might be longer.

False positives might also be a problem in RAT in some

circumstances. RAT can be more reliably applied in areas with

community prevalence (e.g., the positive rate is higher than or

equal to 5%). In low-endemic or non-endemic areas, false-
Frontiers in Cellular and Infection Microbiology 09
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positive results (up to 60%) are more likely to occur if RT-

PCR is used as a “gold standard” (Gans et al., 2022).
RNA FISH allows subcellular localization
and analysis

PFA fixation of infectious samples can improve both

biosafety and the speed of detection, while preserving the

ultrastructure of biological material without interfering

significantly with the preparation (i.e., negative staining) and

the detection of viruses. Fixed samples can be kept for a long

time (e.g., for retrospective analysis), and the infection risk of

medical professionals is minimalized.

Subcellular localization and the analysis of RNA/mRNA in

cells/tissues are not possible with RT-PCR. Our RNA FISH

method can detect the uncoated RNA genome, replicating

mRNA/RNA (by detecting the negative-strand mRNAs), and
FIGURE 5

Detection of SARS-CoV-2 S mRNA (with mixed probes containing BMS001 and BMS002; with 2 h hybridization time; green) and SARS-CoV-2 S
(blue) in HEK 293T cells after transfection (2 h, 4 h, and 16 h) with SARS-CoV-2 S plasmids. Objective lens: 60×; Scale bar: 10 µm; Nu, nucleus.
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RNAs in viral particles inside cells and tissue fluid (e.g., sputum

and saliva). Therefore, RNA FISH enables the detection of viral

replication and of active infection. In addition, the cellular

localization of mRNA/RNA can exclude some false positives

since virus/viral RNA from cross-contamination is unlikely to be

localized inside the cells.

The Ct values of RT-PCR can be correlated with viral load

and disease severity in COVID-19 (Rabaan et al., 2021).

However, no quantitative analysis can be performed by RT-

PCR for RNA inside the samples. Our RNA FISH can localize

mRNA/RNA inside the cells on smears so that both qualitative

and quantitative analyses are possible (Ma et al., 2012).

Quantitative analysis can be performed by examining the

fluorescent intensity or the number of granules/DMVs

containing RNA inside the cells on the smears (Rabaan et al.,

2021). In addition, for smears without cells (e.g., smears

prepared from saliva or wastewater), absolute quantitative
Frontiers in Cellular and Infection Microbiology 10
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analysis can be performed in order to obtain the number or

concentration of viruses.

The determination of RT-PCR results is automatic, whereas

result determination in RNA FISH is manually performed by

pathologists. Nevertheless, we can also use artificial intelligence

technology and digital pathology for automatic FISH and image

analysis/result determination (van der Logt et al., 2015).
FISH might be cost-effective
and convenient

The cost of RNA FISH is much lower than that of RT-PCR.

RNA FISH does not require a large amount of primers and

enzymes for amplification, and so the cost might be lower than

that of RT-PCR. In addition, RNA FISH does not need expensive

instruments such as automated DNA/RNA purification systems,
FIGURE 6

Detection of SARS-CoV-2 E mRNA (with mixed probes containing BME001 and BME002; with 2 h hybridization time; green) and SARS-CoV-2 E
protein (red) in HEK 293T cells after transfection (2 h, 4 h, and 16 h) with SARS-CoV-2 E plasmids. Objective lens: 60×; Scale bar: 10 µm;
Nu, nucleus.
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thermocyclers, and RT-PCR Detection Systems. A wide-field

fluorescent microscope is sufficient for the final examination of

slides enabling laboratory tests to be carried out in a regular

laboratory with no sophisticated facilities and instruments [e.g.,

in small clinics/hospitals, in rural/remote/undeveloped regions

(i.e., Australian Quarantine Centre at Christmas Island), or in

some military bases].

The time required for RNA FISH is a little longer than that

for RT-PCR because of the multiple steps involved including

fixation, FISH, and immunodetection. However, we can use a

few approaches to reduce the time needed. For example, in this

study, we have reduced the hybridization time to 2 h and have

still obtained excellent results. In addition, we can use directly

fluorescent dye-labeled probes for direct hybridization, possibly

reducing the time further. Furthermore, both RNA FISH and

result determination can be automatized to reduce test time and

labor (van der Logt et al., 2015).

Another limitation of mRNA FISH might be unspecific

staining or background attributable to either non-specific

antibody binding to endogenous Fc receptors (FcRs) or a

combination of ionic and hydrophobic interactions

(Buchwalow et al., 2011). If a primary antibody (e.g., anti-

DIG) binds epitopes other than its target, it can generate

unspecific signals that can be further amplified by dye-

conjugated secondary antibodies. However, several approaches

[e.g., use of highly specific antibodies, optimization of the

antibody dilutions, use of negative controls for secondary

antibodies, employment of F(ab’)2 fragments of antibodies

only, and use of high-quality goat serum or BSA for blocking

before immunostaining] can be utilized to minimize this effect

(Ma and Tanese, 2013).

In summary, our approach might significantly improve the

accuracy and sensitivity of SARS-CoV-2 detection. In the

present work, we have only compared our method with other

methods from methodological viewpoints. We have applied our

mRNA FISH on several clinical samples (smears made from

nasopharyngeal or oropharyngeal swabs) successfully. However,

we have not tested its sensitivity and specificity for clinical

diagnosis, because of biosafety/ethical issues.

Our RNA FISH can be performed on smears containing cells

(e.g., from nasopharyngeal swabs) or smears without cells (e.g.,

from sputum, saliva, and wastewater). It can also be widely used

for the high-sensitivity single-molecular detection of other RNA

viruses [e.g., SARS-CoV-1, MERS-CoV, Hepatitis A virus, all

influenza viruses, and human immunodeficiency virus (HIV)] in

various type of samples (including tissue, body fluid, blood, and

water). In addition, our RNA FISH can also be utilized for the

detection of DNA viruses [e.g., Monkeypox virus, human
Frontiers in Cellular and Infection Microbiology 11
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papillomavirus (HPV), and cytomegalovirus (CMV)] via the

detection of their mRNAs inside cells. We believe that our RNA

FISH approach will increasingly find applications for more

accurate diagnosis and more effective public health

surveillance of viral infectious diseases.
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SUPPLEMENTARY FIGURE 1

Flowchart of experimental design. Washing steps are not shown. PFA;

paraformaldehyde; DIG; digoxin.

SUPPLEMENTARY VIDEO 1

Detection of SARS-CoV-2 E mRNA (with probe-BME001; red) and SARS-

CoV-2 E (green) in HEK 293T cells at 24 h after transfection with SARS-
CoV-2 E plasmids. The video was generated by volume rendering of a Z-

Stack (as shown in Figure 1B; cropped). Optical slice interval: 0.50 µm;

Stack size: 6.0 µm. Objective lens: 60×.
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An early novel prognostic model
for predicting 80-day survival of
patients with COVID-19

Yaqiong Chen1†, Jiao Gong1†, Guowei He1, Yusheng Jie2,
Jiahao Chen1, Yuankai Wu2, Shixiong Hu3, Jixun Xu3*

and Bo Hu1*

1Department of Laboratory Medicine, Third Affiliated Hospital of Sun Yat-sen University,
Guangzhou, Guangdong, China, 2Department of Infectious Diseases, Key Laboratory of Liver
Disease of Guangdong Province, Third Affiliated Hospital of Sun Yat-sen University, Guangzhou,
Guangdong, China, 3Department of Laboratory Medicine, Huangshi Hospital of Traditional Chinese
Medicine (TCM) (Infectious Disease Hospital), Huangshi, Hubei, China
The outbreak of the novel coronavirus disease 2019 (COVID-19) has had an

unprecedented impact worldwide, and it is of great significance to predict the

prognosis of patients for guiding clinical management. This study aimed to

construct a nomogram to predict the prognosis of COVID-19 patients. Clinical

records and laboratory results were retrospectively reviewed for 331 patients

with laboratory-confirmed COVID-19 from Huangshi Hospital of Traditional

Chinese Medicine (TCM) (Infectious Disease Hospital) and Third Affiliated

Hospital of Sun Yat-sen University. All COVID-19 patients were followed up

for 80 days, and the primary outcome was defined as patient death. Cases were

randomly divided into training (n=199) and validation (n=132) groups. Based on

baseline data, we used statistically significant prognostic factors to construct a

nomogram and assessed its performance. The patients were divided into Death

(n=23) and Survival (n=308) groups. Analysis of clinical characteristics showed

that these patients presented with fever (n=271, 81.9%), diarrhea (n=20, 6.0%)

and had comorbidities (n=89, 26.9.0%). Multivariate Cox regression analysis

showed that age, UREA and LDH were independent risk factors for predicting

80-day survival of COVID-19 patients. We constructed a qualitative nomogram

with high C-indexes (0.933 and 0.894 in the training and validation groups,

respectively). The calibration curve for 80-day survival showed optimal

agreement between the predicted and actual outcomes. Decision curve

analysis revealed the high clinical net benefit of the nomogram. Overall, our

nomogram could effectively predict the 80-day survival of COVID-19 patients

and hence assist in providing optimal treatment and decreasing mortality rates.
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Introduction

As of July 24, 2022, just under 567 million confirmed cases of

COVID-19 and a global death toll exceeding 6.3 million deaths

had been reported globally (https://www.who.int) (2022). Severe

Acute Respiratory Syndrome coronavirus 2 (SARS-CoV-2) is the

cause of the serious life-threatening disease known as COVID-

19 (Liu et al., 2020a). COVID-19 mortality is intricately linked to

the lack of access to specific therapeutic agents or vaccines

(Cascella et al., 2020), given that the global health system is

significantly burdened by this pandemic (Momtazmanesh

et al., 2020).

Most patients have mild or common symptoms and can be

discharged after symptomatic treatment. However, some patients

may require further hospitalization with disease progression,

presenting critical symptoms or complications, such as dyspnea,

hypoxemia and acute respiratory distress syndrome (Huang et al.,

2020; Zhu et al., 2020). Owing to the rapid spread of COVID-19,

medical resources in many countries, especially the intensive care

unit (ICU), are beingover-requisitionedandalmost exhausted (Wu

et al., 2020b). Therefore, decreasing COVID-19-related deaths and

alleviating the burden on overloaded medical facilities emphasize

the need for a model for early prediction of severe disease

progression and death. Many risk factors associated with severe

COVID-19 disease progression have been identified, including

comorbidity, older age, lower lymphocyte and higher lactate

dehydrogenase (LDH), viral load and so on (Gong et al., 2020; Ji

et al., 2020; Pujadas et al., 2020). Subsequently, these risk factors

were harnessed to construct predictionmodels (Li et al., 2020a;Wu

et al., 2020a; Zhou et al., 2020), such as CALL score and Patient

Information Based Algorithm (PIBA) (Ji et al., 2020; Wang et al.,

2020b; Schiaffino et al., 2021).

Anomogramis agraphical representationofpredictive statistical

models for individual patients and also an alternative method for

various types of diseases (Gong et al., 2020; Li et al., 2020b; Liu et al.,

2020b;Xu et al., 2020).However, fewnomogramshavehitherto been

developed to predict the prognosis of COVID-19 patients. In this

retrospective study, we analyzed the laboratory tests of COVID-19

patients and constructed a nomogram to predict the prognosismore

accurately based on baseline data from two clinical centers.

Importantly, our nomogram could guide clinicians in predicting

the death risk of COVID-19 patients, providing early intervention,

prioritizing medical resources and reducing mortality.
Materials and methods

Data collection

Clinical records and laboratory results were retrospectively

reviewed for 331 patients with COVID-19 from Huangshi

Hospital of Traditional Chinese Medicine (Infectious Disease

Hospital) and Third Affiliated Hospital of Sun Yat-sen University
Frontiers in Cellular and Infection Microbiology 02
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between January 20, 2020 andMay 20, 2020. Patients younger than

14 years of age were excluded from the study. Two patient between

14 to 15 years old was included in this study. Demographic data,

including age, sex, clinical signs and symptoms such as fever and

diarrhea, presence of comorbidities and clinical laboratory test

results, were all collected upon admission. All included COVID-19

patients were followed up for 80 days on admission by phone to

determine whether they survived (Survival group) or not

(Death group).

The study was approved by the Ethics Committee of Third

Affiliated Hospital of Sun Yat-sen University and the Ethics

Commission of Huangshi Infectious Disease Hospital and

exempted from informed consent given the retrospective

nature of this study.

Patients diagnosed with COVID-19 were included in the

study. The diagnosis of SARS-CoV-2 infection has been

described previously (Gong et al., 2020). A confirmed case was

defined as an individual with laboratory-confirmed SARS-CoV-

2, which required positive results of SARS-CoV-2 RNA,

regardless of clinical symptoms and signs.
Laboratory methods

The clinical laboratory examination results of patients for

white blood cell (WBC), red blood cell (RBC), hemoglobin

(HGB), blood platelet (PLT), neutrophils, lymphocyte,

neutrophil-lymphocyte ratio (NLR), monocyte, international

normalized ratio (INR), albumin (ALB), C-reactive protein

(CRP), direct bilirubin (DBIL), UREA, lactate dehydrogenase

(LDH), glucose (GLU) were collected. All biochemical

parameters were obtained through standard automated

laboratory methods and commercial kits in accordance with

the instrument operating procedures.
Statistical analysis

Categorical variables were expressed as frequency and

percentage; continuous variables as mean (standard deviation

[SD]) or median (interquartile spacing [IQR]), as appropriate.

The Fisher exact test was used to analyze the significance of

Categorical variables. The Student’s t-test was used to compare

continuous variables with a normal distribution. The Mann-

Whitney U test was used for continuous variables with a non-

parametric distribution. SPSS 22.0 statistical software package

(SPSS, Inc., Chicago, IL, USA) was used for the above statistical

analysis. To determine the relative importance of each feature,

the Least Absolute Shrinkage and Selection Operator (LASSO)

was used for feature selection, and the logistic regression was

used to establish the regression prediction model.

To minimize bias of the regression coefficient, predictors

with a missing rate of more than 5% were excluded. As
frontiersin.org
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previously described (Gong et al., 2020), the missing values were

imputed by the expectation-maximization (EM) method using

SPSS statistical software. The nomogram was established with

the rms package, and the performance of the nomogram was

evaluated by discrimination (Harrell’s concordance index) and

calibration (calibration plots and Hosmer-Lemeshow calibration

test) analyses in R. R software (version 3.6.2) was used for all

statistical analysis except SPSS analysis. The optimal cut-off

value of total points of the nomogram was determined by the

R package survminer, which uses the maximally selected rank

statistics from the ‘maxstat’ R package. Survival curves were

depicted by the Kaplan-Meier analysis and compared by the log-

rank test. A P-value < 0.05 was statistically significant.
Results

Demographics and characteristics of
COVID-19 patients

A total of 331 patients with COVID-19 were included from

the Third Affiliated Hospital of Sun Yat-sen University (n=18)

and Huangshi Hospital of Traditional Chinese Medicine

(Infectious Disease Hospital) (n=313). All patients were

followed-up and then divided into death (n=23) and survival

(n=308) groups (Figure 1). The median age of the Death and

Survival groups was significantly different (69 years and 51 years,

respectively, P<0.01). Analysis of clinical characteristics showed

that these patients presented with fever (n=271, 81.9%), diarrhea

(n=20, 6.0%) and had comorbidities (n=89, 26.9.0%). Moreover,

the number of patients with older age and comorbidities in the

Death group was significantly greater than in the Survival group

(P<0.05) (Table 1). There were no significant differences in sex,

clinical symptoms such as fever and diarrhea and laboratory
Frontiers in Cellular and Infection Microbiology 03
8384
markers WBC, HGB, and monocyte between both groups.

However, the neutrophil count, NLR, INR, CRP, DBIL, UREA,

LDH and GLU were significantly higher in the Death group than

in the Survival group (P<0.01), while RBC, PLT, lymphocyte

count and ALB levels were significantly lower in the Death group

than in the Survival group (P<0.01) (Table 1).
Multivariate Cox regression analysis
for 80-day survival of patients with
COVID-19

All patients were randomly divided into training (n=199) and

validation (n=132) groups. There were no significant differences in

age and sex between the training and validation groups

(Supplementary Table 1). A total of 21 features were collected from

each patient. After removing irrelevant and redundant features, 14

featureswere retained for LASSO regression analysis (Figures 2A, B).

The LASSO regression analysis showed that age, DBIL, UREA and

LDH were predictive prognostic factors for the 80-day survival of

COVID-19 patients in the training group. All these 4 features were

incorporated in the multivariate Cox regression analysis. The

multivariate Cox regression analysis demonstrated that age, UREA

and LDH were independent prognostic factors for the 80-day

survival of patients with COVID-19 (Figure 2C).
Prognostic nomogram for 80-day
survival of patients with COVID-19

To predict 80-day survival of patients with COVID-19, a

prognostic nomogram was constructed based on the above-

mentioned statistically significant independent prognostic

factors (Figure 3A). The bootstrap-corrected concordance
FIGURE 1

Flow chart of enrolled patients with COVID-19.
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index (C-index) was 0.933 (0.879-0.987) and 0.894 (0.819-0.969)

for the training and validation groups, respectively. The

calibration plot for the probability of 80-day survival showed

optimal agreement between the prediction and actual outcomes

in training (Figure 3B) and validation (Figure 3C) groups.

Furthermore, a total score was obtained by the sum of scores

of the associated predictors and referred to as the probability of

80-day survival in the bottom axis. We divided these patients in

the training group into high and low-score groups according to

the optimal cut-off score value (86.72142), determined by the R

package survminer. COVID-19 patients in the high-score group

had a poor prognosis compared to the low-score group

(Figure 3D). Similar results were observed in the validation

group (Figure 3E). To evaluate the clinical applicability of our

prognostic nomogram, we conducted a decision curve analysis

(DCA). DCA substantiated the net clinical benefit of the

prognostic nomogram in the training group (Figure 4).
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Moreover, we compared the performance of our nomogram

in predicting the survival probability of COVID-19 with other

models reported in the literature (Cai’s model: age, D-dimer,

CRP; Cheng’s model: UREA, age, D-dimer) (Cheng et al., 2020a;

Cai et al., 2021). The parameters age, D-dimer, CRP, UREA, and

LDH were available for 170 patients in the training group.

Although there was no significant difference during calibration

curve analysis between the 3 models (Supplementary Figure 1),

the C-index of our model was relatively higher (0.930, 95%CI:

0.875-0.985) than that of Cai’s (0.882, 95%CI: 0.799-0.965) and

Cheng’s nomogram (0.888, 95%CI:.805-0.971).
Discussion

In this study, age, UREA and LDH were identified as

independent prognostic factors for COVID-19 patients and used
TABLE 1 Baseline demographic and clinical characteristics of COVID-19 patients in Survival and Death groups.

Variable Survival (n=308) Death (n=23) p-value

Age (years) 51.00 (39.00, 62.00) 69.00 (60.00, 84.00) <0.01

Sex 0.83

Female 158 (51.3%) 11 (47.8%)

Male 150 (48.7%) 12 (52.2%)

Fever 1.00

No 56 (18.2%) 4 (17.4%)

Yes 252 (81.8%) 19 (82.6%)

Diarrhea 0.15

No 291 (94.5%) 20 (87.0%)

Yes 17 (5.5%) 3 (13.0%)

Comorbidities 0.03

No 230 (74.7%) 12 (52.2%)

Yes 78 (25.3%) 11 (47.8%)

WBC (×109/L) 4.51 (3.58, 5.54) 5.55 (3.75, 7.35) 0.05

RBC (×1012/L) 4.48 (0.61) 4.08 (0.81) <0.01

HGB (g/L) 132.04 (16.80) 125.17 (17.97) 0.06

PLT (×109/L) 159.00 (130.00, 197.50) 123.00 (90.00, 176.00) <0.01

Neutrophils (×109/L) 2.82 (2.06, 3.71) 4.27 (2.71, 6.41) <0.01

Lymphocyte (×109/L) 1.13 (0.81, 1.48) 0.66 (0.46, 0.77) <0.01

NLR 2.27 (1.54, 3.56) 7.22 (3.86, 15.93) <0.01

Monocyte (×109/L) 0.45 (0.31, 0.58) 0.36 (0.21, 0.53) 0.08

INR 0.91 (0.87, 0.95) (n=279) 0.96 (0.90, 1.04) (n=22) <0.01

ALB (g/L) 40.60 (36.80, 43.40) (n=303) 35.60 (30.00, 38.40) <0.01

CRP (mg/L) 20.18 (6.71, 47.74) (n=300) 53.05 (37.05, 91.13) <0.01

DBIL (umol/L) 6.30 (4.80, 7.70) (n=303) 8.90 (6.50, 12.00) <0.01

UREA (mmol/L) 3.71 (3.00, 4.71) 5.49 (4.50, 9.67) <0.01

LDH (U/L) 241.00 (195.00, 312.00)
(n=294)

391.00 (316.00, 574.00) (n=22) <0.01

GLU (mmol/L) 5.71 (5.21, 6.45) 6.94 (5.80, 9.93) <0.01
fronti
All variables with missing values are labeled with a specific number of samples.
WBC, white blood cell; RBC, red blood cell; HGB, hemoglobin; PLT, blood platelet; NLR, neutrophil-to-lymphocyte ratio; INR, international normalized ratio; ALB, albumin; CRP, C-
reactive protein; DBIL, direct bilirubin; LDH, lactate dehydrogenase; GLU, glucose.
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to construct a quantitative nomogram to predict 80-day mortality,

which yielded a high C-index in the training and validation groups.

The nomogram yielded a high optimal agreement between

predicted and actual outcomes for predicting the risk of death by

calibration curve analysis and a high clinical net benefit by decision

curve analysis. We also found that our model yielded a higher C-

index than previously established models reported in the literature.

An increasing body of evidence suggests that risk factors for

COVID-19-related mortality include older age, higher severity

of illness scores, higher C-reactive protein level, lower

lymphocyte counts, secondary infection and comorbidities

such as diabetes (Chen et al., 2020; Wang et al., 2020a; Zhang

et al., 2020). In a previous study, we found that high LDH and

UREA were associated with the risk of severe COVID-19 (Gong

et al., 2020). Interestingly, in the present study, we found that

both markers were also associated with mortality. The serum
Frontiers in Cellular and Infection Microbiology 05
8586
LDH and UREA levels were significantly higher in the Death

group than in the Survival group; after adjusting for DBIL, they

remained independent prognostic risk factors for COVID-19.

SARS-CoV-2 infection can induce an inflammatory response

and subsequent kidney damage, leading to elevated LDH and

UREA. LDH is a biomarker for tissue damage and systemic

inflammatory response (Kishaba et al., 2014; Ferrari et al., 2020;

Kermali et al., 2020) that is often significantly elevated in

COVID-19 patients and is an independent risk factor for

COVID-19-associated mortality. UREA is a biomarker for

kidney damage (Cheng et al., 2020b) that has also been

reported as an independent risk factor for in-hospital death of

COVID-19 patients. The above findings were in line with the

results of the present study.

Cheng et al. established a nomogram consisting of BUN, D-

dimer and age to predict the survival probability of COVID-19.
B

C

A

FIGURE 2

Construction of the integrated prognostic features of patients with COVID-19. (A) LASSO coefficient profiles of the 21 prognostic features. (B)
Selection of the tuning parameter (lambda) in the LASSO model by fivefold cross-validation based on minimum criteria for prognosis; the lower
X-axis shows log (lambda), and the upper X-axis shows the average number of prognostic features. The Y-axis indicates the partial likelihood
deviance error. Red dots represent average partial likelihood deviances for every model with a given lambda, and vertical bars indicate the upper
and lower values of the partial likelihood deviance errors. The vertical gray dotted lines define the optimal values of lambda, which provides the
best fit. (C) Forest plots of multivariate Cox regression analysis for 80-day survival of patients with COVID-19. DBIL, direct bilirubin; LDH, lactate
dehydrogenase.
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Moreover, Li Cai et al.’s model included age, D-dimer and CRP.

Interestingly, D-dimer was found to be an important prognostic

factor and included in both models (Cheng et al., 2020a; Cai

et al., 2021). In our research, D-dimer had more than a 5%
Frontiers in Cellular and Infection Microbiology 06
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missing rate and was hence excluded from further analysis. The

parameters age, D-dimer, CRP, UREA, and LDH were available

for 170 patients in the training group. Importantly, the C-index

of our model was higher than that of Cheng’s and Cai’s,
B C

D E

A

FIGURE 3

Construction of prognostic nomogram for 80-day survival of patients with COVID-19. The prognostic nomogram composed of age, UREA and LDH
was developed. (A) Nomogram predicting 80-day survival probability in patients with COVID-19 was plotted. To use this nomogram during clinical
practice, each variable axis has a separate parameter, and a line is drawn up to calculate the number of points corresponding to each parameter. The
sum of these scores is located on the total point axis, and a line is drawn down along the line to get the 80-day survival probability of patients with
COVID-19. (B, C) Calibration plot of the prognostic nomogram. The nomogram was calibrated for the probability of 80-day survival in patients with
COVID-19 in the training group (B) and validation group (C). The predicted probability of 80-day survival is plotted on the x-axis; the actual probability
of 80-day survival is plotted on the y-axis (bootstrap 1,000 repetitions). (D, E) Kaplan-Meier Analysis for the patients with COVID-19 in the training group
(D) and validation group (E). Blue line: total points < 86.72142 (low group); red line: total points ≥86.72142 (high group).
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suggesting its robust predictive ability for mortality. Although a

high CRP was observed in the death group compared with the

survival group, LDH was selected by LASSO regression as an

important feature instead of CRP. It is widely thought that the

LDH concentration is a useful marker in evaluating the

prognosis of different types of pneumonia, such as

pneumocystis jiroveci pneumonia and community-acquired

pneumonia, and a significant correlation between LDH and

CRP in COVID-19 has been documented (Ashraf et al., 2022).

We also observed a moderate correlation between LDH and CRP

(r=0.562), which might explain why the lasso model did not

recognize CRP as an important feature.

Strengths of our nomogram include its accuracy, objectivity,

and simplicity. Although a high Sequential Organ Failure

Assessment (SOFA) score helps identify COVID-19 patients with

poor prognosis at an early stage (Moreno et al., 1999; Zhou et al.,

2020), it comprises 7 factors, and one of these is a non-objective

indicator—the Glasgow Coma Scale Score (GCS) (Li et al., 2019).

The predictors in our proposed nomogram are relatively

inexpensive and easy to obtain in clinical practice, which makes

the nomogram highly practical and easily implementable. Indeed, it

is highly likely that clinicians working in community hospitals can

easily judge a COVID-19-infected patient’s condition by using our

nomogram. Moreover, our nomogram yielded good performance
Frontiers in Cellular and Infection Microbiology 07
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in predicting survival, and its predictive accuracy (C-index)

exceeded 0.9 (95%CI, 0.879-0.987) during COX regression analysis.

Importantly, we developed a practical quantitative

prediction tool consisting of 3 commonly used, relatively

cheap, easy-to-obtain indicators. The median follow-up time

was 80 days. It was worth noting that all COVID-19 patients in

the Death group experienced death within 30 days, suggesting

that most people who get COVID-19 recover within a few weeks,

and the same results would be obtained for predicting the 30-day

mortality. In addition, our nomogram exhibited a net clinical

benefit highlighting that it has huge prospects for application in

clinical practice. There were some limitations in the study. First,

given its retrospective nature, only 331 COVID-19 patients from

two centers were included. Moreover, our nomogram was not

externally validated. Therefore, more studies with larger patient

cohorts are warranted to further validate our findings.
Conclusion

This study developed an accurate prognostic nomogram to

early predict mortality of COVID-19 patients. This new

nomogram could help clinicians in the early screening of

patients with poor prognoses and optimizing the use of
FIGURE 4

Decision curves for predicting the net benefit of the prognostic nomogram. A perfect prediction model (grey line), screen none (horizontal solid
black line), and screen based on the nomogram (black dotted line).
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available medical resources to decrease the burden on

healthcare facilities.
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Introduction: Bats are critical to maintaining healthy ecosystems and many

species are threatened primarily due to global habitat loss. Bats are also

important hosts of a range of viruses, several of which have had significant

impacts on global public health. The emergence of these viruses has been

associated with land-use change and decreased host species richness. Yet, few

studies have assessed how bat communities and the viruses they host alter with

land-use change, particularly in highly biodiverse sites.

Methods: In this study, we investigate the effects of deforestation on bat host

species richness and diversity, and viral prevalence and richness across five

forested sites and three nearby deforested sites in the interior Atlantic Forest of

southern Brazil. Nested-PCR and qPCR were used to amplify and detect viral

genetic sequence from six viral families (corona-, adeno-, herpes-, hanta-,

paramyxo-, and astro-viridae) in 944 blood, saliva and rectal samples collected

from 335 bats.

Results: We found that deforested sites had a less diverse bat community than

forested sites, but higher viral prevalence and richness after controlling for

confounding factors. Viral detection wasmore likely in juvenile males located in

deforested sites. Interestingly, we also found a significant effect of host bat

species on viral prevalence indicating that viral taxa were detected more

frequently in some species than others. In particular, viruses from the
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Coronaviridae family were detected more frequently in generalist species

compared to specialist species.

Discussion: Our findings suggest that deforestation may drive changes in the

ecosystem which reduce bat host diversity while increasing the abundance of

generalist species which host a wider range of viruses.
KEYWORDS

viral richness, diversity, bat host, deforestation, land-use change, viral prevalence
Introduction

Emerging viruses with wildlife origins are a significant threat

to global health (e.g. Ebolaviruses, SARS and MERS

coronaviruses) (Jones et al., 2008). Analyses of recent

emerging infectious disease (EID) events show that

anthropogenic changes including land-use change (e.g. habitat

degradation, deforestation, forest fragmentation), intensification

of food production, and global trade and travel are key factors in

disease emergence (Loh et al., 2015; Allen et al., 2017; Rulli et al.,

2017; Reaser et al., 2022). Further, nearly one-third of all EIDs,

and a higher proportion of zoonoses, are associated with land-

use change specifically (Loh et al., 2015). This suggests that

increasing and/or novel interactions among hosts, vectors and

pathogens following land-use change are significant contributors

to disease emergence.

In tropical and subtropical environments, the pace of land-

use change is unprecedented and continues to increase globally

as demand for natural resources grows (Song et al., 2018). Bats

are globally threatened, with 15% of bat species being listed as

threatened or vulnerable, and habitat loss in the tropics is a

major driver of population declines (Frick et al., 2020). Land-use

change has also been associated with the emergence of many

recent zoonotic diseases (Gibb et al., 2020). Yet, the relationship

between land-use change and disease emergence is poorly

understood. Recent studies have hypothesized that land-use

change may increase the risk of disease emergence through

more frequent human-animal interactions, or by influencing

pathogen diversity, either directly by changing pathogen

prevalence and/or diversity, or indirectly via impacts on host

assemblages (Bradley et al., 2008; Vittor et al., 2009; Murray and

Daszak, 2013; Rulli et al., 2017). However, mechanistic studies

have tended to focus on how abundance and prevalence of

specific pathogens, or their vectors and hosts, vary over the

landscape (Ostfeld and Keesing, 2000; LoGiudice et al., 2003;

Kilpatrick et al., 2006a; Kilpatrick et al., 2006b; Bradley et al.,

2008; Vittor et al., 2009). Others have used meta-analyses to try

to identify generality and mechanisms involved (Salkeld et al.,
02
9192
2013; Gottdenker et al., 2014; Civitello et al., 2015). Few

empirical studies have taken a community approach to

examine how viral assemblages in host communities vary with

land-use change.

In this study, we investigate the effects of deforestation on

bat host abundance and diversity, and viral prevalence and

richness. We work with bats because they are diverse,

abundant, and geographically widespread (Rex et al., 2008),

comprising species from nearly every trophic level, with wide

differences in their dispersal abilities (Kingston, 2010). Further,

some of their life history traits and characteristics (e.g. diet,

ability to fly, torpor and hibernations, and roosting behaviors)

make them suitable hosts of viruses and other pathogens

(Calisher et al., 2006) and many bat species are strongly

impacted by land-use changes. Bats are important hosts of

pathogens that have had significant impact on public health

(e.g. Ebola, SARS, MERS, rabies). They also harbor the highest

proportion of zoonotic viruses of any mammal order (Jones

et al., 2008; Olival et al., 2017), as well as significant emerging

diseases of people, livestock and wildlife. Finally, while no bat

viruses have emerged from the Atlantic Forest to our knowledge,

we chose this region as our study site because of the high

biodiversity it contains and the large-scale deforestation it has

undergone. Our study focuses on three questions: (1) Does bat

abundance and diversity differ in forested versus non-forested

areas? (2) Does viral prevalence differ between bat communities

in forested versus deforested areas? (3) What biological and

ecological factors determine the likelihood of viral detection?
Materials and methods

Ethical statement

This study was carried out with animal handling permits

issued from the Brazilian Ministry of the Environment (#33078-

4). Animal handling ethics approval was provided by the

University of California, Davis (#16048). Bat handling
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followed strict personal protection and biosafety requirements

and short capture times to minimize stress on individual

animals. All captured individuals were released at the point

of capture.
Study site

Morro do Diabo State Park (municipality of Teodoro

Sampaio, São Paulo state, Brazil, Figure 1) is located in the

Pontal do Paranapanema region and contains the largest

preserved area of interior Atlantic Forest in Sao Paulo State.

The park covers an area of 33,845 ha (Durigan and Franco,

2006) and is comprised of mesophytic semideciduous forest and

a small area of Cerrado (savanna-like vegetation). The climate is

characterized as subtropical, with dry winters and wet summers.

Mean annual temperature is 22°C, and annual rainfall ranges

between 1100 and 1300 mm (de Faria and Pires, 2006). The

matrix around the park is comprised of 63 small properties of

agrarian reform settlements, as well as pasture (~60%) and

agriculture (~15%), and forest fragments ranging from 2 to

2000 ha in area, most of which are privately owned (Uezu and

Metzger, 2011). The forested study sites were chosen to control

for similar characteristics including elevation, vegetation

structure and rainfall. We sampled bats and viruses at five

intact forested sites (>200ha) and three nearby deforested sites,

located 3-5km away and defined as areas where more than 20%

of forest cover has been removed and converted from the

original forest to agrarian reform settlements.
Frontiers in Cellular and Infection Microbiology 03
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Bat capture and sample collection

Bats were sampled during April to November of 2014. At

each site we sampled a 100m x 100m grid using eight horizontal

mist nets (9m x 3m), one canopy mist net (6m x 3m) and one

harp trap (1.5m x 1.5m). At least 150 individuals were collected

from deforested sites and from forested sites each. Additional

sampling effort was required in the forested areas due to lower

catch rates. Bats were captured for a period of five consecutive

nights at each site, totaling 2040 m2/270 hours capture effort

across all sites. Mist nets were opened at sunset and remained

open for six hours. Nets were checked at 30-minute intervals and

bats processed immediately.

Samples were collected from bats with no clinical or

neurological symptoms and in good body condition, defined as

mass divided by forearm length which has been validated in

temperate bats (Wilkinson and Brunet-Rossinni, 2009). All

animals were released immediately following processing. Blood,

saliva, and rectal swabs were collected from each captured animal,

with feces and urine opportunistically collected. All samples were

placed in cryovials containing 200 ml of Viral Transportation

Media (VTM) and stored in liquid nitrogen in a dry shipper while

in the field, then transferred to -80C freezers at the Institute of

Biomedical Sciences at the University of Sao Paulo. External

morphological measurements (including forearm/radius length,

body length, head length) were collected by a bat taxonomist to

assist in species identification. Several bat identification keys from

the region were also used for reference (Reis et al., 2013; Reis et al.,

2017). Sex and age were determined by the presence of scrotal
FIGURE 1

The study area, in and around Morro do Diabo State Park, located in the Pontal do Paranapanema region, Sao Paulo state. Bat surveys (yellow
and red circles) were undertaken across forested (n=5) and deforested sites (n=3).
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testes and well developed teats (Wilkinson and Brunet-Rossinni,

2009). Before release, each individual was marked with a non-toxic

pen to determine the rate of within-trip recapture. This was used to

ensure that the same bat was not re-sampled within sampling trips.
Viral detection

Total nucleic acid was extracted from all samples using the

EasyMag (bioMérieux, Inc.) platform, and cDNA synthesis

performed using SuperScript III first-strand synthesis
Frontiers in Cellular and Infection Microbiology 04
9394
supermix (Invitrogen), all according to the manufacturer’s

instructions. Viral discovery was performed using nested-PCR

assays targeting coronaviruses (Quan et al., 2010), astroviruses

(Atkins et al., 2009), paramyxoviruses (Tong et al., 2008), and

herpesviruses (VanDevanter et al., 1996), while real-time PCR

was used to target hantaviruses (Araujo et al., 2011) described

below (Box 1). PCR results were visualized on a 2% agarose gel

and Sanger sequencing was performed using ABI3100 (Applied

Biosystems) equipment and BigDye Terminator v3.1 Cycle

Sequencing Kit at the Institute of Biomedical Sciences II at the

University of Sao Paulo. Sequences were analysed and edited
BOX 1. Primers used for viral screening in this study.

Viral Family Target Amplicon size Primer name Primer sequence 5’- 3’ Reference
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Astroviridae RNA-Dependent RNA
Polymerase (RdRp)

Round 1 431bp Astr4380F GAYTGGRCN
CGNTWYGATGGNACIAT

Atkins
et al.,
2009

Astr4811R GGYTTNACCC
ACATNCCAAA

Round 2 342bp Astr4380F + Astr4722R ARNCKRTCATCNCCATA

Coronaviridae RNA-Dependent RNA
Polymerase (RdRp)

Round 1 520bp CoV-FWD1 CGTTGGIACWAAYBT
VCCWYTICARBTRGG

Quan
et al.,
2010

CoV-RVS1 GGTCATKATAGCRTCA
VMASWWGCNACATG

Round 2 328pb CoV-FWD2 GGCWCCWCCH
GGNGARCAATT

CoV-RVS2 GGWAWCCCCA
YTGYTGWAYRTC

Herpesviridae Polymerase (Pol) Round 1 variable DFA gAY TTY gCN AgY
YTN TAY CC

ILK TCC Tgg ACA AgC AgC
ARN YSg CNM TNA A

Van
Devanter
et al.,
1996

KG1 gTC TTg CTC ACC AgN
TCN ACN CCY TT

Round 2215-315 TGV TgT AAC TCg gTg TAY
ggN TTY ACN ggN gT

IYG CAC AgA gTC CgT RTC
NCC RTA DAT

Paramyxoviridae Polymerase (Pol) Round 1 639bp PAR-F1 gAA ggI TAT TgT CAI
AAR NTN Tgg AC

Tong
et al.,
2008

PAR-R gCT gAA gTT ACI ggI TCI
CCD ATR TTN C

Round 2 561bp PAR-R +PAR-F2 gTT gCT TCA ATg gTT
CAR ggN gAY AA

SYBRGreen Hantaviridae S segment 141bp JAN-F CCC TgT Tgg ATC AAC
Tgg TTT Tg

Araujo
et al.,
2011

JAN-R TgT AAT gTg CTC TTg
TTA ACg TCA TCT
f
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using Geneious (version 6.0.3). Sequences were aligned with

ClustalW and MUSCLE, and phylogenetic trees (see Text S1)

constructed with neighbor-joining (p-distance, pairwise

deletion, 1,000 bootstraps), maximum-likelihood (1,000

bootstraps), and Bayesian (GTR+I - Mr Bayes) algorithms. In

Mr. Bayes, we discarded the first 25% of trees as burn-in, and

used the remaining trees to estimate the posterior probability

value (PP) of 0.7. The chains ran for 2,000,000 cycles (mcmc

ngen = 2,000,000). Trees were reconstructed with unconstrained

branch lengths and unrooted. In MEGA 7 (macOS available in:

https://www.megasoftware.net/) we used Maximum Likelihood

with heuristic search and GTR+gamma+I algorithm. For the ML

tree, we conducted 1,000 fast bootstrap ML replicates to assess

the support values of internal nodes and visualized the trees in

FigTree software version 1.4.4 with Midpoint Root (available in:

http://tree.bio.ed.ac.uk/software/figtree/)(Supplementary

Figures 1–5). Sequences were segregated into discrete viruses,

defined as a viral species, based on distinct monophyletic

clustering following Anthony et al. (2013).
Data analysis

Statistical analysis was performed using R 3.5.1, with ggplot2 for

graphing. To compare estimated bat species diversity between

forested and deforested sites, we calculated abundance-based

diversity profiles with Hill numbers (effective number of species)

using the iNEXT package based on the parameter q (Chao and Jost,

2015). This parameter controls the relative emphasis placed on rare

or common species. In addition to providing information on species

richness, this diversity profile estimator also accounts for species

abundances to differing degrees.With increasing order q, the weight

of dominant species increases in the calculation of species diversity.

We used three widely used species diversity measures: Species

richness (number of observed species; q=0), Shannon diversity

(number of typical species; q=1) and Simpson diversity (number of

most common species; q=2). We then applied a bootstrap method

(1,000 bootstraps) using observed detections to obtain approximate

variances of the proposed profiles and to construct the associated

confidence intervals. These estimations take into account the effect of

undetected species in samples. Estimated viral diversity could not be

explored using these methods due to limited sample sizes. However

we compared viral species richness and overall viral prevalence

across treatments using a Fisher’s Exact Test. To account for the

uneven number of captures per bat species, we used Bartels rank test

of randomness to determine whether viruses were randomly

distributed among bat host species by examining whether viral

prevalence significantly differed among species. Due to low

detection rates in other viral families, our analysis was limited to

the coronaviridae family.

We use a Generalized Linear model (GLM) of viral detection

with a logit link function. We use “viral detection” as the

response variable in our model based on the presence or
Frontiers in Cellular and Infection Microbiology 05
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absence of a viral detection for each individual bat. After

testing for collinearity among the response variables, no

variables were excluded based on their variance inflation factor

(VIF) scores. Seven variables were selected for the final analysis.

Definitions of the variables used are given in Table 1. In a

“stepwise backwards-selection”, factors were eliminated from

the full model in an iterative process based on the Akaike

information criterion (AIC) (Akaike, 1973) with the stepAIC

function of the MASS package (Venables and Ripley, 2002) in

the statistical software R 3.5.1.
Results

Bat diversity

We recorded 18 bat species from three families

(Phyllostomidae, Molossidae, and Vespertilionidae) and five

dietary guilds (frugivorous, insectivorous, nectarivorous,

sanguivorous, omnivourous) from 335 mist-net captures. No

bats were captured using the vertical canopy net or harp trap.

After accounting for sampling effort, capture rates were similar

between forested (n = 163 captures) and deforested (n = 172

captures) sites (Paired t-test, t = 1.883, p = 0.081). Bat species

richness in the deforested sites (n=11 species) was slightly higher

than the forested sites (n = 9 species); however, this difference

was not significant as indicated by the empirical diversity profiles

that show overlap between the 95% confidence intervals at q = 0

(Figure 2). In contrast, at q>1 (i.e. measures of diversity that

incorporate abundance information) the forested sites were

found to be more diverse than deforested sites. When

correcting for the bias introduced by the non-detection of

species in the samples, bat diversity was reduced in deforested

sites; species richness was slightly higher in forested areas (n=15

species) compared to deforested areas (n = 11 species). However,

for q > 1.25, this difference in community diversity was

statistically significant, as reflected by the two non-overlapped

confidence intervals.
TABLE 1 Description of predictor variables used in the generalized
linear models.

Predictor
variables

Definition

Treatment Forested versus Deforested

Sex Male versus Female

Pregnancy status Yes or No

Age Three categories including: juveniles, subadults and adults

Genus 12 unique genera

Species 18 unique species

Abundance Total number of individuals captured per species
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Viral prevalence and richness

Overall, a total of 22 individual bats from three families

(Phyllostomidae, Molossidae, Vespertilionidae) were positive for 13

viral species in the following viral families: Astroviridae,

Coronaviridae, Hantaviridae, Herpesviridae, and Paramyxoviridae,

with a combined viral prevalence of 6.6% (22/335) (Table 2).Noneof

the samples were positive for adenoviruses, despite previous studies

documenting their presence in other bat species (Jánoska et al., 2011;

Van Vuren et al., 2018). Only one individual bat yielded more than

one viral species - a coinfection by a coronavirus andherpesviruswas

found in Artibeus planirostris. Viral species were not evenly

distributed among bat species, with all detected viruses coming

from just five of 18 sampled bat species (Figure 3). After

accounting for the number of captures per bat species by

looking at viral prevalence as opposed to number of positive

detections, we found a significant effect of host bat species on viral

prevalence indicating that viral taxawere detectedmore frequently in

some species than others. In particular, viruses from the

Coronaviridae family were detected more frequently in generalist

species compared to specialist species (P<0.01, Bartel’s Rank Test).

Viral prevalence also differed among viral families; Coronaviridae

had the highest prevalence of 3.6%, followed by Astroviridae

(1.2%), Paramyxoviridae (0.6%), Herpesviridae (0.9%) and

Hantaviridae (0.3%).

Treatment (forested vs. deforested), sex and age were the only

significant predictors of overall viral detection (presence/absence)

(P < 0.05, df = 1) (Table 3). This result was supported by the logistic

regression model with the lowest AIC value (Table 4), which
Frontiers in Cellular and Infection Microbiology 06
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demonstrates that the odds of a positive viral detection decreases

in forested habitat.

With all viral families combined, viral prevalence in deforested

sites (9.3%) was significantly higher than in forested sites (3.68%)

(P<0.05, Fisher’s Exact Test). Deforested sites also had higher viral

richness (n = 13 unique viral taxa) compared to forested sites (n = 2).
Discussion

In the Atlantic Forest of Brazil, higher bat host diversity is

not associated with higher viral prevalence or richness. Despite

lower bat host species richness in deforested areas, viral richness

and prevalence is significantly higher. This result does not

appear to be associated with the abundance of bat hosts, which

was not significantly different (based on mist-net capture

frequency) in deforested versus forested areas.

Bats are known to harbor a wide diversity of viruses, and have

received growing attention due to their role in the emergence of

several recent infectious disease outbreaks (e.g. Severe Acute

Respiratory Syndrome (SARS), Middle East Respiratory Syndrome,

Nipah virus) (Quan et al., 2010; Hu et al., 2015; Epstein et al., 2020).

While studies exploring viral diversity in bat host species have

increased, few studies have assessed how bat communities and the

viruses they host alter with land-use change, particularly in highly

biodiverse sites. Overall, this study identified 13 unique viral taxa

from four viral families known to infect humans. We found that

different viral familieswere not evenly distributedwithindifferent bat

host species and between habitats (forested vs deforested).
FIGURE 2

Estimated diversity profiles for bat species data in forested (green line) and deforested (red line) sites for q between 0 and 3 with 95% confidence interval
(shaded areas based on a bootstrap method of 1000 replications). The numbers show the estimated diversities for q = 0, 1, 2 and 3.
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Specifically, viruses from Coronoviridae were primarily found in

species considered to be generalists, including Artibeus planirostris,

Carollia perspicillata, Artibeus literatus, and Sturnira lillium. We

suggest that such differences in virus prevalence could be related to

viral ecology (i.e., their ability to infect host cells and to persist and

replicate) and to the ecology and behavior of the bat hosts in a given

habitat. Specifically, we found that viral detection is more likely in

juvenile, male bats. Indeed, previous studies have shown that the

behavior betweenmany species of youngmale and female bats differ

considerably, with young males immediately leaving the maternity

roost once they are weaned, while females continue to forage with

their mothers. This difference in behavior could result in younger

males having a greater frequency of contactswith newhost species or

with shared food resources that increase their exposure to potential

pathogens. For example, younger vampire bats appear tohavehigher

exposure topathogens suchas rabies virusbecause youngermalebats

are more exploratory and are more likely to feed on novel hosts

(Carter et al., 2018).

Previous studies of bats have demonstrated that even

moderate forest disturbance can result in an increase of certain

generalist species that can successfully adapt to human-modified

landscapes (Delaval and Charles-Dominique, 2006; Meyer and

Kalko, 2008). The strategies they employ such as greater

dispersal ability, and the ability to exploit a variety of

resources, allow these species to tolerate a wide range of

habitats, leading to higher colonization rates throughout

human-modified landscapes. In our study area, A. planirostris
Frontiers in Cellular and Infection Microbiology 07
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and A. fimbriatus were the two species most commonly captured

in deforested sites. Both species are large-bodied frugivores,

which feed heavily on figs in the canopy (Handley et al.,

1991). In many tropical landscapes, figs are not regularly

available throughout the year, thus Artibeus species are more

likely to occupy disturbed landscapes which provide a variety of

food resources (Gorresen and Willig, 2004). Artibeus spp. bats

accounted for 73% (n=16/22) of all viruses detected, after

accounting for the number of captures per bat species.

Here, we show that deforested sites support higher viral

richness despite lower bat species richness. While we did not

measure disease risk directly, we hypothesize that humans living

close to forest edges disturbed by deforestation may be

particularly exposed to zoonotic infections not only because of

the higher likelihood for humans to be in contact with disease

reservoirs, but also because of the higher viral richness found in

deforested areas. Yet, previous studies examining the link

between land-use change and disease in have been equivocal

(Randolph and Dobson, 2012; Salkeld et al., 2013; Civitello et al.,

2015; Rulli et al., 2017). Some studies of single-pathogens (e.g.

West Nile virus, Hantavirus, the Lyme disease pathogen Borellia

burgdorferi) in multi-host systems have found that higher

pathogen prevalence is associated with decreased continuous

forest area (LoGiudice et al., 2003; Suzán et al., 2008; Kilpatrick,

2011). Results from a recent meta-analysis from studies in

Southeast Asia shows that people who live or work on

agricultural land are more likely to be infected with zoonotic
TABLE 2 Total captures of bat species and total viral detections in forested and deforested habitat in the Interior Atlantic Forest.

FAMILY/Species Captures Corona- Herpes- Hanta- Astro- Paramyxo-

PHYLLOSTOMIDAE

Artibeus lituratus 66 1 0 0 0 0

Artibeus fimbriatus 34 0 0 0 0 0

Artibeus planirostris 130 6 3 1 4 1

Carollia perspicillata 55 4 0 0 0 0

Desmodus rotundus 1 0 0 0 0 0

Diaemus youngi 2 0 0 0 0 0

Glossophaga soricina 1 0 0 0 0 0

Phyllostomus hastatus 3 0 0 0 0 1

Sturnira lilium 17 1 0 0 0 0

Vampyrodes caracciol 9 0 0 0 0 0

MOLOSSIDAE

Molossus molossus 3 0 0 0 0 0

Eumops glaucinus 2 0 0 0 0 0

VESPERTILIONIDAE

Lasiurus blossevillii 1 0 0 0 0 0

Myotis nigricans 1 0 0 0 0 0

Myotis albescens 3 0 0 0 0 0

Myotis riparius 3 0 0 0 0 0

Myotis unidentified A 1 0 0 0 0 0

Myotis unidentified B 3 0 0 0 0 0
f
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diseases (Shah et al., 2019), and in West and Central Africa,

previous research shows that the index cases of Ebola virus

outbreaks (i.e. spillover cases from wildlife reservoirs) occurred

mostly in areas of forest fragmentation and deforestation (Rulli

et al., 2017). Further, urbanized and agricultural areas that have

undergone deforestation have been associated with higher rates

of disease transmission of West Nile Virus in the United States,

increased risk of malaria in Peru (Vittor et al., 2009),
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Leishmaniasis in Costa Rica (Wijeyaratne et al., 1994) and

hantavirus in Panama (Suzán et al., 2008), in part because of

changes in host and vector abundance in human-modified areas.

Our study provides further evidence from a multi-pathogen,

multi-host species system that deforestation can increase viral

prevalence and richness in bat hosts. However, studies of

Plasmodium infections in Australia (Laurance et al., 2013),

Cameroon (Chasar et al., 2009), and Brazil (Ribeiro et al., 2005)
TABLE 3 Best model of viral detection with different categories of land-use change, sex and age.

Estimate SE z P value

Intercept -3.272 0.492 -6.646 3e-11

Treatment (forested vs deforested) -1.274 0.536 -2.378 0.017

Sex (male vs female) 1.502 0.534 2.812 0.005

Age (juvenile vs adult) 1.247 0.596 2.094 0.036

Age (subadult vs adult) -0.564 1.067 -0.528 0.597
front
FIGURE 3

Overall viral prevalence by bat species with sample sizes. Error bars represent the 95% Clopper-Pearson binomial confidence intervals. Species codes:
ARTLIT, Artibeus lituratus; ARTPLA, Artibeus planirostris; CARPER, Carollia perspicillata; PHYHAS, Phyllostomus hastatus; STULIL, Sturnira lillium.
TABLE 4 Logistic regression model selection table comparing top four models based on lowest AICc.

Model description AIC DAIC Null d.f Residual deviance Residual d.f.

~ treatment + sex + age 6.63 0 333 19.24 329

~ treatment + sex + age + abundance 6.92 0.29 333 19.15 328

~ treatment + sex + pregnancy + age + abundance 8.29 1.66 333 19.11 327

~ treatment + species + sex + pregnancy + age + abundance 31.8 25.1 333 18.52 310
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found a positive correlation between continuous forest area and

pathogen prevalence. In Sabah, Seltmann et al., 2017 found that

reduced body mass in bats in logged forests was associated with

chronic stress and impaired health status for some species of bats.

Interestingly, this did not translate into an increase in coronavirus

and astrovirus detection rates amongmore disturbed sites (Seltmann

et al., 2017), perhaps due to the extent of disturbance. Unlike our

system, which is more than 30 years post-fragmentation and fully

converted, the Sabah study sites are still ongoing active deforestation

and fragmentation, which may result in delays in species’ responses.

Our study examines some of the complexities in the relationship

among deforestation, viral prevalence and host and viral community

assemblages by addressing how viral richness and prevalence in bat

hosts varies with land-use change. Our findings suggest that

deforestation can increase the abundance of generalist species that,

in our case, host the majority of viruses detected. From a theoretical

point of view, thedilutioneffect hypothesis explores how thedecrease

of biodiversitymay increase the amplification of zoonotic diseases. It

suggests that high species diversity in a community can reduce

infectious disease risk, provided that hosts differ in competency for

transmitting a pathogen (Schmidt and Ostfeld, 2001). While this

studydoesnot test the ‘dilutioneffect’ as laidout forLymedisease and

other singlepathogensystems(LoGiudiceet al., 2003;Kilpatricket al.,

2005), these findings provide further evidence that anthropogenic

land use change can in some cases, lead to increased abundance of

reservoirs that harbor a higher diversity and prevalence of potential

pathogens. As pressures on the environment continue to grow,

further research is needed on viral and host ecology and how they

are structured across varying landscapes.
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SUPPLEMENTARY FIGURE 1

Paramyxovirus Maximum Likelihood Phylogenetic Tree. Genetic analysis

of 558 nucleotide partial L gene. Tree reconstructed by MEGA7 with
heuristic search, Neighbor-Joining “NJ” algorithm and Model GTR

+gamma+I. The principal node values superior to 70% represent 1,000
bootstrap replicates.

SUPPLEMENTARY FIGURE 2

Coronavirus Maximum Likelihood Phylogenetic Tree. Genetic analysis of

394 nucleotide partial RdRp gene. Tree reconstructed by MEGA7 with
heuristic search, Neighbor-Joining “NJ” algorithm and Model GTR

+gamma+I. The principal node values superior to 70% represent 1,000
bootstrap replicates.

SUPPLEMENTARY FIGURE 3

Astrovirus Maximum Likelihood Phylogenetic Tree. Genetic analysis of

369 nucleotide partial RdRp gene. Tree reconstructed by MEGA7 with
heuristic search, Neighbor-Joining “NJ” algorithm and Model GTR

+gamma+I. The principal node values superior to 70% represent 1,000
bootstrap replicates.
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SUPPLEMENTARY FIGURE 4

Herpesvirus Maximum Likelihood Phylogenetic Tree. Genetic analysis of
189 nucleotide partial Polymerase (pol) gene. Tree reconstructed by

MEGA7 with heuristic search, Neighbor-Joining “NJ” algorithm and
Model GTR+gamma+I. The principal node values superior to 70%

represent 1,000 bootstrap replicates.
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SUPPLEMENTARY FIGURE 5

Hantavirus Maximum Likelihood Phylogenetic Tree. Genetic analysis of 89
nucleotide partial S segment. Tree reconstructed by MEGA7 with heuristic

search, Neighbor-Joining “NJ” algorithm and Model GTR+gamma+I. The
p r inc ipa l node va lues super io r to 70% represent 1 ,000

bootstrap replicates.
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Allen, T., Murray, K. A., Zambrana-Torrelio, C., Morse, S. S., Rondinini, C., Di
Marco, M., et al. (2017). Global hotspots and correlates of emerging zoonotic
diseases. Nat. Commun. 8 (1), 1124. doi: 10.1038/s41467-017-00923-8

Anthony, S. J., Epstein, J. H., Murray, K. A., Navarrete-Macias, I., Zambrana-
Torrelio, C. M., Solovyov, A., et al. (2013). A strategy to estimate unknown viral
diversity in mammals. Mbio 4 (5):1028–1038 doi: 10.1128/mBio.00598-13

Araujo, J., Pereira, A., Nardi, M., Henriques, D., Lautenschalager, D., Dutra, L., et al.
(2011). Detection of hantaviruses in Brazilian rodents by SYBR-green-based real-time
RT-PCR. Arch. virology. 156 (7), 1269–1274. doi: 10.1007/s00705-011-0968-1

Atkins, A., Wellehan, J. F., Childress, A. L., Archer, L. L., Fraser, W. A., and
Citino, S. B. (2009). Characterization of an outbreak of astroviral diarrhea in a
group of cheetahs (Acinonyx jubatus). Veterinary Microbiol. 136 (1), 160–165. doi:
10.1016/j.vetmic.2008.10.035

Bradley, C. A., Gibbs, S. E., and Altizer, S. (2008). Urban land use predicts West
Nile virus exposure in songbirds. Ecol. Applications. 18 (5), 1083–1092. doi:
10.1890/07-0822.1

Calisher, C. H., Childs, J. E., Field, H. E., Holmes, K. V., Schountz, T, et al (2006).
Bats: important reservoir hosts of emerging viruses. Clinical microbiology reviews
19.3, 531–545.

Carter, G. G., Forss, S., Page, R. A., and Ratcliffe, J. M. (2018). Younger vampire
bats (Desmodus rotundus) are more likely than adults to explore novel objects. PloS
One 13 (5), e0196889. doi: 10.1371/journal.pone.0196889

Chao, A., and Jost, L. (2015). Estimating diversity and entropy profiles via
discovery rates of new species. Methods Ecol. Evolution. 6 (8), 873–882. doi:
10.1111/2041-210X.12349
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