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Preface

Emerging and re-emerging outbreaks of highly pathogenic viruses are becoming a severe crisis
for global public health. As the first line of host defense against viral infections, the interferon
(IFN)-mediated innate immunity and a variety of IFN-stimulated genes (ISGs) are well-known to play
a critical role in interfering with virus entry and replication. Thus, it is of great importance to deeply
understand the comprehensive interplay between innate immunity and virus infection, which will
provide insights into developing novel antiviral therapeutics and vaccines. To deeply understand this
complex interplay, we launched this Special Issue to gather novel knowledge about innate immunity
and viral infections, including but not limited to interferon (IFN)-stimulated genes (ISGs), IFN
signaling pathways, antiviral immunity, inflammation, immunometabolism, vaccine-related innate
immunity, and broadly antiviral drugs. We hope that these latest studies can provide insights for the

subsequent development of novel approaches to prevent and control viral infections.

Caijun Sun and Feng Ma
Editors
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Frequent outbreaks of emerging and re-emerging pathogenic viruses have become
one of the major challenges for global public health. As the first line of defense, the innate
immune system plays a vital role in fighting the invasion of pathogenic microorganisms. In
response to viral entry into the host cell, pattern recognition receptors (PRRs) recognize
the pathogen-associated molecular patterns (PAMPs) of viruses and then activate innate
immune signaling pathways, which subsequently trigger the expression of numerous
interferon-stimulated genes (ISGs) to exert direct antiviral effects [1,2]. Meanwhile, many
viruses have developed various strategies to escape the innate immunity [3]. To deeply
understand this complex interplay, we launched this Special Issue to gather novel knowl-
edge about innate immunity and viral infections, and we hope that these latest studies can
provide insights into developing antiviral therapeutics and vaccines.

Porcine epidemic diarrhea virus (PEDV) is a positive-sense single-stranded RNA virus
that belongs to a coronavirus family. Many studies have shown that several PEDV proteins,
including nsp1, nsp3, nsp5, nsp8, nspl4, nspl5, nspl6, E, M, and N, can restrict host
IFN signaling. The research article by Zhang et al. investigated multiple PRR-mediated
signaling pathways involved in the anti-PEDV responses. The innate immune signaling
adaptors TRIF, MAVS, and STING exhibit blatant anti-PEDV activity, according to the
authors’ screening of porcine innate immune signaling adaptors” antiviral activity using
transfected Vero cells. To further confirm it, knockdown or knockout of endogenous TRIF,
MAVS, and STING promoted PEDV replication via siRNA and CRISPR approaches [4].
These results show that multiple porcine PRR-mediated signaling pathways are involved in
PEDV recognition and defense, expanding our understanding of innate immunity responses
to PEDV infection.

Recently, it has been important to study how the noncanonical NF-«B pathway partici-
pates in innate immunity. Bisom et al. conducted research to investigate the function of
RIOKS3 during Rift Valley Fever virus (RVFV) infection. They found that RVFV infection
activated the noncanonical NF-«B pathway to weaken the antiviral IFN signaling response
due to the production of the alternatively spliced RIOK3 X2 isoform, which encodes a
truncated RIOKS3 [5]. This finding will be helpful for deeply understanding the pathogene-
sis of RVFV through the regulation of the noncanonical NF-«B pathway to enhance viral
replication.

Yao et al. reported their data on the crucial role of pulmonary microvascular en-
dothelial cells (MVECs) in regulating inflammation during highly pathogenic porcine
reproductive and respiratory syndrome virus (HP-PRRSV) infections. They reported that
HP-PRRSV primarily induced virus-associated innate immune responses, whereas bacte-
rial lipopolysaccharide (LPS) was responsible for the inflammatory response. HP-PRRSV
infection exacerbated the inflammatory response due to secondary bacterial infections [6].
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These results supported the importance of pulmonary MVECs in lung inflammation injury
by primary HP-PRRSV infection and secondary bacterial infection.

Wen et al. focused on fusing the autophagosome-associated LC3b protein to the
nucleocapsid (N) antigen, which is expected to improve the SARS-CoV-2-specific T cell
functionality for developing the next-generation vaccine against SARS-CoV-2 variants.
They concluded that the N-LC3b protein group can simultaneously secrete multiple cy-
tokines (IFN-y+/IL-2+/TNF-a+), improving T cell proliferation, especially for CD8+ T cell
responses. In addition, their strategy was also induced a robust humoral immune response
against the N antigen [7].

The role of IFITM3 in the SARS-CoV-2 pandemic is still controversial. Xu et al. reported
their data on the association between IFITM3 and the risk of acquiring a SARS-CoV-2
infection. They demonstrated that IFITM3 inhibited SARS-CoV-2 infection by preventing
virus entry, which is dependent on the first 21 amino acids of IFITM3. In addition, they also
found that the rs12252 CC genotype of IFITM3 increased the risk of acquiring a SARS-CoV-2
infection and the decreased level of neutralizing antibodies against SARS-CoV-2 [8].

Another five review publications summarized the state-of-the-art research on the
interplay between viruses and host innate immunity. Alves et al. summarized how
placental cells engaged in innate immune responses play roles in response to Dengue
virus (DENV) and chikungunya (CHIKV) infections [9]. Li et al. reported the roles of
various well-known viruses in hijacking cytoskeletal structures and the accompanying
antiviral responses [10]. Roldan et al. described the comprehensive understanding of the
possible mechanisms of anti-cytokine autoantibody production, which could improve the
approach to treating some infections, not only targeting pathogens but as a treatment for
some autoimmunity patients [11]. Benzarti et al. discussed the complicated roles and
expression patterns of interleukins, chemokines, and tumor necrosis factor superfamily
ligands associated with West Nile virus (WNV) infection and pathogenesis [12]. Min et al.
discussed the regulatory role of IFN-induced noncoding RNA (ncRNA) in antiviral innate
immunity, aiming to improve our understanding of ncRNAs and provide insights for the
basic research of antiviral innate immunity [13].

In conclusion, these ten articles published in this Special Issue should improve our un-
derstanding on the complex interactions between viral infections and host innate immune
responses. These findings provide a summary of the most updated findings on PEDV,
RVFV, PRRSV, SARS-CoV-2, DENV, CHIKYV, and WNV, which are crucial for the subsequent
development of novel approaches to prevent and control viral infections.
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Abstract: Dengue virus (DENV) and chikungunya (CHIKV) are arthropod-borne viruses belonging
to the Flaviviridae and Togaviridae families, respectively. Infection by both viruses can lead to a mild
indistinct fever or even lead to more severe forms of the diseases, which are characterized by a
generalized inflammatory state and multiorgan involvement. Infected mothers are considered a
high-risk group due to their immunosuppressed state and the possibility of vertical transmission.
Thereby, infection by arboviruses during pregnancy portrays a major public health concern, especially
in countries where epidemics of both diseases are regular and public health policies are left aside.
Placental involvement during both infections has been already described and the presence of either
DENYV or CHIKYV has been observed in constituent cells of the placenta. In spite of that, there is
little knowledge regarding the intrinsic earlier immunological mechanisms that are developed by
placental cells in response to infection by both arboviruses. Here, we approach some of the current
information available in the literature about the exacerbated presence of cells involved in the innate
immune defense of the placenta during DENV and CHIKYV infections.

Keywords: innate immunity; dengue; chikungunya; immune cells; interferon

1. Introduction

Over the last 40 years, the emergence and re-emergence of dengue have posed a
considerable threat to global health, with the last 10 years seeing consecutive outbreaks
of the equally severe chikungunya [1]. Throughout these years, many studies have been
conducted in order to understand infection control, pathogenesis, and the host immune
response to these diseases and much has evolved in this knowledge [2-6]. In light of
this information, for a long time, there has been a considerable gap in the knowledge
and understanding of these infections in pregnant patients, namely, about the claim that
there really is vertical transmission, the effects on the development of the pregnancy and
fetus, and the immunological effects of these infections. We know that the innate immune
response plays an extremely relevant role in viral infections, acting systemically and, also,
locally [4-6]. Thus, in this review, we will investigate the already-known aspects of the
innate response to these infections in a specific organ, the placenta, in order to compile and
better clarify its role in the consequences and resolution of the infection.

1.1. The Dengue Virus

Although the history of dengue is uncertain, the earlier registers of a disease consistent
with dengue fever date back to the period of the Chinese dynasty, on the territory of the
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present-day People’s Republic of China [7]. Later on, between 1779 and 1780, the illness
affected the continents of Africa, Asia, and North America, causing the first well-known
epidemics of dengue [8]. In spite of that, the isolation of the dengue virus was performed
in 1943. Between this period and nowadays, large outbreaks occurred worldwide [2,9,10].

The etiological agent of the disease, dengue virus (DENV), is an arthropod-borne virus
(arbovirus) belonging to the Flaviviridae family and Flavivirus genus, comprising four major
antigenically distinct serotypes (DENV 1-4), each one capable of causing the sickness [11].
All serotypes circulate mostly in tropical and subtropical areas of the globe due to the
temperature and rainy seasons, factors that are favorable to the life cycle of mosquitoes of
the genus Aedes, remarkable vectors of arboviruses [12,13]. According to the World Health
Organization (WHO), it is estimated that 25,000 deaths occur per year and over 2 billion
people live in endemic areas [14].

DENYV, which shares similarities with other flaviviruses, such as Zika virus (ZIKV),
Japanese encephalitis virus (JEV), and yellow fever virus (YFV), is an icosahedral enveloped
virus of approximately 40-50 nm in size, composed of a lipid bilayer where the structural
proteins of the membrane (M) and envelope (E) are inserted [15]. Inside the lipid bilayer,
there is the nucleocapsid (N), a structure composed of the viral genome surrounded by
multiple copies of the capsid protein (C) [15-18]. The virus genome consists of a single
positive-strand RNA of about ~11 kb in length with a 5 cap end and lack of polyadenylated
tail at its 3’ end. This genome has only one open reading frame (ORF) that is translated
into a single large polyprotein that, later on, is cleaved by cellular and viral proteases in
another ten distinct proteins: three structural proteins (C, prM, and E) that constitute the
viral particle and seven non-structural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and
NS5) related to both the viral replication process and the assembly of the virions [18-20].

1.2. The Chikungunya Virus

Chikungunya virus (CHIKV) is an arbovirus that belongs to the Togaviridae family and
Alphavirus genus. It is classified as Old-World alphavirus, due to its geographical origin,
and is more associated with the predominance of polyarthralgia [21,22]. Its first isolation
was in 1953 in Tanzania (East Africa); it was obtained from a fevered man’s blood once
it was found to be responsible for causing a febrile illness known as chikungunya fever
(CHIKEF) [23]. Since then, the virus has been identified in more than 60 countries in Asia,
Africa, Europe, and the Americas. As of now, three genotypes have been identified: West
African, East-Central-Southern African (ECSA) and Asian, and the Indian Ocean lineage,
originating from ECSA [24].

The CHIKV genome is a single-strand positive-sense RNA molecule, with 11.8-kbp,
encoding 2472 amino acid nonstructural and 1244 amino acid structural polyproteins [25],
which gives rise to four nonstructural (nsP1-4) and five structural proteins (C, E3, E2,
6K, and E1) [26,27]. The nonstructural proteins are responsible for the viral replication;
meanwhile, structural proteins shape the viral particle with a 60-70 nm diameter, which is
enveloped with icosahedral nucleocapsid [28].

2. Transmission and Clinical Manifestations
2.1. In Dengue

The transmission of dengue occurs through the bites of female hematophagous
mosquitoes of the genus Aedes, mainly Aedes aegypti; although, other species, such as
Aedes albopictus, are also important vectors of the disease [7,29]. Expansion of these vectors,
especially Aedes aegypti, which is more adapted to the urban environment, is in close associ-
ation with the exponential increase in urbanization, climatic changes, and socio-economic
factors [30]. Transplacental transmission, organ transplantation, and blood transfusion are
also types of dengue transmission reported in the literature; although, they are rare and
unusual [31-33].
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At the end of the 1990s, dengue was classified according to the parameters of the
WHO, which included undifferentiated fever, dengue fever (DF), dengue hemorrhagic fever
(DHEF), and dengue shock syndrome (SCD) [34]. In general, the incubation period of the
virus lasts between 4 to 7 days and the infection by any DENV serotype can cause a wide
variety of symptoms and clinical manifestations, from a mild illness with undifferentiated
fever to a life-threatening hemorrhagic fever [35,36].

Dengue fever (DF) was characterized by the presence of common symptoms, such as
fever, arthralgia, headache, emesis, myalgia, and cutaneous rash [35]. A small number of
patients tended to progress to a more severe clinical condition called dengue hemorrhagic
fever (DHF), in which hemorrhagic manifestations, homeostasis abnormalities, and in-
creased vascular permeability features could be noticed. Therefore, DHF was classified into
four degrees of severity, with the latter (IIl and IV) coinciding with dengue shock syndrome
(SCD), characterized by hypovolemic shock, with slight arterial pulse and hypotension [34].
However, the criteria used were outdated for applying during large outbreaks and difficult
to meet, which led the WHO to create a new classification scheme [37]. This new consensus
introduced the concept of classifying dengue into dengue without warning signs, dengue
with warning signs, and severe dengue [14].

In dengue without warning signs, symptoms such as rash, nausea, vomiting, myalgia,
arthralgia, and leukopenia, among others are common; meanwhile, the warning signs
include abdominal pain, persistent vomiting, accumulation of fluid in the cavities, mucosal
bleeding, and liver enlargement. Usually, hepatomegaly precedes plasma leakage, being an
indicator of the evolution of the severity of the disease. On the other hand, clinical manifes-
tations characteristic of severe dengue include severe plasma leakage, severe hemorrhage,
and severe organ involvement [14,38,39].

The liver appears to be the central target during dengue infections and its involvement
seems to be a usual complication [40]. This is supported by the presence of the dengue
virus in this organ already being demonstrated in several studies, as well as hepatic injury
due to the infection [41-45]. In contrast, atypical manifestations during infection, such
as the commitment of the central nervous and skeletal muscle systems, heart, and lungs
were also reported [46—48]. Nonetheless, previous studies showed the presence of the virus
in the kidneys, pancreas, spleen, and even the placenta, which are unusual sites of the
infection [46,49-52]. Thus, today we consider dengue to be a broad disease that affects the
entire body and can cause systemic damage.

2.2. In Chikungunya

CHIKYV is transmitted mainly by infected mosquitoes from the Aedes species, such
as Aedes aegypti and Aedes albopictus, and is prevalent in urban and peri-urban areas,
respectively [53]. The virus had already been detected in semen and vaginal secretions;
however, sexual transmission was not confirmed [54]. Usually, the first infection occurs
in the skin: in fibroblast, keratinocytes, and endothelial cells from blood vessels. Upon
reaching the bloodstream, the virus disseminates to various organs, such as the lymphoid
tissues, liver, muscle, spleen, heart, and brain [55].

The incubation period, which is the time between infection and the onset of symptoms,
lasts between 3 to 12 days. In the acute phase, the most common symptoms are high
fever (>38.5 °C), rash, and intense polyarthralgia; this gives the name of the disease,
which originated from the Makonde language meaning “that which bends up” [56], due to
hunched posture of infected individuals and it being a disease of high morbidity [57,58].
In addition, headache, discomfort in the throat, abdominal pain, constipation or diarrhea,
persistent conjunctivitis, vomiting, and lymphadenopathy (cervical or generalized) may
also occur [59]. It is not rare to observe dermal manifestations, mainly on the face, trunk,
and extremities [60]. A maculopapular rash is the most common cutaneous manifestation
in adults and vesiculobullous lesions are predominant in children [61-65]. During the
post-acute phase, individuals may present with arthritis; rheumatic disorders, such as
tenosynovitis; bursitis; enthesitis; periostitis; and tendonitis. Clinical manifestations could
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persist, evolving into a chronic disease for months or years, including joint pain and
swelling varying in intensity and frequency [66].

Although it is not common, some individuals develop severe forms of the disease,
with multiple organ dysfunction characterized by vascular congestion, edema, and hemor-
rhage [67] or culminating in death. Atypical manifestations, such as respiratory disorders,
arterial hypertension, hepatitis, myocarditis with sinus tachycardia, cardiomegaly, ec-
topic ventricular beats, abnormal electrocardiograms, and congestive heart failure, were
reported [68-70]. Age and comorbidities (such as diabetes; cardiovascular, respiratory,
renal, and autoimmune diseases; and hypertension) seem to be important factors for such;
however, they may occur in low-risk populations [67,68,71]. Regarding asymptomatic
individuals, the percentage is between 3 and 28% [72]. A total of 123,000 severe cases of
CHIKYV infection were reported in an important outbreak in the 2005-2006 period located
on Reunion Island, in which about a third of the population was affected [68,71,73]. It
was associated with the E1-A226V mutation, a single nucleotide change at E1 glycoprotein
position 226 of the ECSA genotype resulting in an alanine (Ala) to a valine (Val) substitu-
tion. This mutation was identified in more than 90% of the isolates in the Reunion Island
outbreak [26]; it seems to improve CHIKYV infectivity and replication in Aedes albopictus
and, consequently, its dissemination to humans [74].

3. The Placenta

Previous evidence of DENV and CHIKV outbreaks has demonstrated that preg-
nant women are at high risk of experiencing pregnancy complications during viral in-
fection [52,75-78]. In addition, there are some reports of the vertical transmission of these
microorganisms, raising awareness of the importance of better understanding the role of
the placenta in DENV and CHIKYV infections [79-81]. Established in the third week of
gestation, the placenta is characterized as a temporary and chimerical organ, formed by
maternal and fetal tissue, that plays an essential role in the development and support of
pregnancy. This organ supplies essential oxygen, nutrients, and hormones to the fetus, as
well as carrying out the elimination of toxic waste [82].

The maternal portion of the placenta is called the decidua basalis, a tissue derived from
the endometrium. On the other hand, the fetal portion includes several types of embryo-
derived trophoblastic cells. These cells are specialized epithelial cells that are essential for
the establishment and continuation of pregnancy. The fetal portion projects the chorionic
villi, the functional unit of the placenta. They are characterized as an arboreal structure that
can be anchored in the decidua or float in the intervillous space. The villi have an apical
layer of syncytiotrophoblasts, which comprises the first barrier of placental defense against
invading pathogens, followed by a layer of cytotrophoblastic progenitor cells and villous
stroma that contain stromal fibroblasts, Hofbauer cells, and fetal vascular endothelium
cells [83,84]. From the second semester, the chorionic villi are bathed by maternal blood,
derived from vessels of the decidua basalis, in the intervillous space. Therefore, the human
placenta is said to be hemochorial, meaning maternal blood is in contact with trophoblastic
cells of fetal origin [85].

In this way, maternal and fetal blood do not mix, except for the rupture of capillary
walls, which rarely occurs outside of the delivery situation. The separation between fetal
and maternal blood is called the placental barrier, which is composed of syncytiotrophoblast,
cytotrophoblast, connective tissue (containing mesenchymal cells and fibroblasts), and
fetal endothelium. However, as pregnancy advances, the cytotrophoblast layer thins and
disperses, making the placental barrier thinner, optimizing the exchange of substances [85].
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4. Placental Immune Cells

The proper development of a pregnancy requires a series of physiological adaptations
and a highly dynamic balance in the maternal immune response [86,87]. This is because
the fetus and placenta consist of a semi-allogeneic graft and, for this reason, adaptations
are necessary in the maternal immune system, which is aimed at immune regulation and
fetal tolerance parallel to an effective immune defense [88]. So, maternal immune cells are
subject to constant modifications in subpopulations [89], with the upregulation of those
involved with innate immunity [90].

In early pregnancy, the pro-inflammatory environment, rich in dendritic cells and
natural killer (NK) cells, supports tissue remodeling and trophoblastic invasion, essential for
placental establishment [91]. Natural killer cells make up about 70% of decidual leukocytes
in early pregnancy [92]. These cells contain a distinct phenotype of peripheral natural
killer cells and secrete several growth factors, as well as angiogenic factors and cytokines
that contribute to remodeling the decidua and spiral arteries [93,94]. On the other hand,
dendritic cells make up only 2% of decidual leukocytes and participate in the early stages
of implantation by secreting stromal cell-derived factor 1 (SDF-1), which aids in vascular
expansion and decidual angiogenesis [92,95].

In addition, the decidual immunity cell population is also composed of decidual
macrophages (20-25%) [92]. Decidual macrophages are the major antigen-presenting cells
(APCs) at the maternal—fetal interface in early gestation; these cells are thought to also
participate in vascular remodeling, trophoblastic invasion, and immune tolerance [96-99].
Most decidual leukocytes are recruited primarily by chemokines, such as CXCL12, CXCLS,
TGF-B, and CCL2, secreted by trophoblast cells and decidual cells [85,92].

As pregnancy advances, placental growth slows and the peripheral environment
becomes anti-inflammatory, with Hofbauer cells and regulatory T cells secreting anti-
inflammatory cytokines that aid fetal immune tolerance and rapid fetal growth [91]. In
general, it can be said that fetal immune tolerance is regulated by the restriction and
modulation of some leukocytes present in the maternal-fetal interface. Despite the high
density of natural killer cells, the number of dendritic cells and effector T cells is relatively
small. In addition, the dendritic cells present in the decidua have a unique behavior: after
exposure to the fetal antigen, these cells are retained in the decidual stroma and, therefore,
are not able to migrate toward the maternal lymphatic vessels [88,91]. Thus, fetal antigens
reach maternal lymph nodes only by passive transport and are presented to T cells by
lymph-node-resident dendritic cells, a paradigm that does not trigger an effective immune
response [88,100].

In the last stage of pregnancy, the maternal immune system shifts again to a pro-
inflammatory state that will be essential at the time of delivery since the uterine musculature
will have to contract and expel the fetus in addition to releasing the placenta [101].

The innate immune response is responsible for controlling the viral spread during the
early stages of infection [102]. The effectiveness of the innate immune system is especially
important during pregnancy since vertical viral transmission can lead to developmental
anomalies, intrauterine growth restriction, and premature delivery /stillbirth [90]. The role
of decidual innate immune cells in the defense against viral infections and their role in
vertical transmission is an emerging field; but, it is still little explored. Later, we will discuss
what is known about the involvement of these cells during viral infection by DENV and
CHIKV.

5. Vertical Transmission in Dengue

Despite the high incidence of the disease, studies related to the maternal/fetal con-
sequences of DENV infection during pregnancy are still limited. In addition, there is still
no consensus regarding the effects of the infection on pregnant women and/or newborns;
however, some studies indicate that vertical transmission can occur and present severe
outcomes, such as premature births and maternal/fetal death [103-112].
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Although pregnancy is considered a risk factor for the clinical course of the disease,
previous studies have not found an association between the severity of maternal infection
and neonatal disease [113,114]. However, it is suggested that maternal natural immuno-
suppression during pregnancy may favor the occurrence of more severe infections, causing
damage to the health of the mother and fetus [115].

In Brazil, a study carried out by Paixao et al. (2018) reported a risk of maternal death
three times higher in cases of dengue and four-hundred-and-fifty times higher when the
pregnant woman had DHF [107]. In addition, a study by our group showed that the severity
of dengue fever led to the death of a pregnant patient, with an intense inflammation profile
in the placental and fetal tissues analyzed [52].

A recent study in India carried out by Brar et al. (2021) observed that the average gesta-
tion period was 31.89 &= 7.31 weeks. The incidence of maternal systemic complications was
high: 52.3% of pregnant women had thrombocytopenia, 25% developed postpartum hem-
orrhage, 18.2% of pregnant women developed acute kidney injury, 4.5% required hemodial-
ysis support, 18.2% developed acute respiratory distress syndrome (ARDS), 15.9% required
ventilatory support, 9.1% developed acute liver failure, 40.9% had evidence of shock, and
15.9% of women died. With regard to the fetus, it was observed that 4.5% of pregnancies
suffered spontaneous abortion, 9% were stillbirths, and 4.5% evolved to neonatal deaths.
In addition, they reported that premature babies were born in 34.1% of cases and 29.5% of
women had low birth weight babies [116].

In Mexico, of the pregnant women infected with DENV in 2013, 65.9% were classified
as being without warning signs of dengue (WWSD), 18.3% with warning signs of dengue
(WSD), and 15.9% with severe dengue (SD). Pregnant women with SD (38.5%) had fetal
distress and underwent emergency cesarean sections; this condition was associated with
obstetric hemorrhage (30.8%), pre-eclampsia (15.4%), and eclampsia (7.7%). Pregnant
women who did not have SD had full-term pregnancies, delivered vaginally, and had
apparently healthy babies with normal birth weights [117].

In Vietnam, an investigation of pregnant women infected with DENV in 2015 showed
that 90% were positive for the NS1 antigen and primary infection, 20% had premature
births, and 5% had stillbirths. All neonates born alive were discharged uneventfully and
no maternal death was reported [118].

During pregnancy, the fetus may be susceptible to DENV infection, especially during
the critical period of organogenesis or in late pregnancy [119-123].

A recent study evaluated pregnant women during an epidemic in French Guiana and
reported a vertical transmission rate of 18.5%, with viral transmission, both at the beginning
and at the end of pregnancy. It was possible to verify that it is more frequent when maternal
infection occurs late during pregnancy, close to delivery, and that newborns may present
neonates with warning signs of dengue that require platelet transfusion. Furthermore, it
points out that if there is a fever during the 15 days prior to delivery, the cord blood and
placenta should be sampled and tested for the virus and the newborn should be closely
monitored during the postpartum period [124].

Viral transmission to the fetus via the placenta can occur via the movement of the
maternal vascular endothelium to trophoblasts by infected maternal monocytes, which
transmit the infection to placental trophoblasts; they also do so via paracellular pathways
from maternal blood to the fetal capillaries [125,126]. It has recently been reported that
DENVs preferentially infect the decidua; the intensity of the decidual infection appears
to be associated with the risk of fetal infection. Viral infection in the decidua in early
pregnancy may modulate decidual roles in arterial remodeling and placentation that
eventually influence the placental barrier balance [127].
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Potential mechanisms by which a maternal infection could result in fetal death include
direct fetal infection and organ damage, placental infection resulting in decreased transmis-
sion of nutrients and oxygen, and increased production of cytokines and chemokines [128].

In the histopathological evaluation of pregnant women with dengue during pregnancy
carried out by Ribeiro et al., (2017), signs of hypoxia, choriodeciduitis, deciduitis, and
intervillitis were observed and viral antigens were found in the trophoblast cytoplasm,
villous stroma, and decidua. In this study, two possible mechanisms of fetal and neonatal
morbidity were proposed: the presence of hemodynamic changes during pregnancy that
could affect the placenta and cause fetal hypoxia or the direct effect of the infection on the
fetus [129].

6. Vertical Transmission in Chikungunya

CHIKV-infected pregnant women usually present the same clinical presentation as
non-pregnant women. Basurko and collaborators carried out a study in French Guiana
between June 2012 and June 2015 in which the median term of CHIKYV infection was
30.7 weeks; the appearance of symptoms occurred mainly in the third trimester, with fever,
arthralgia, and headache being the most common symptoms [130]. The hospitalization
rate for maternal CHIKV was greater than 50%, mainly within 24 h of symptom onset;
they did not observe differences in the frequency of pregnancy and neonatal outcomes
when comparing to the control group (pregnant women who had no fever, no dengue, and
no CHIKYV infection at gestation) [130]. Similar results were found by Foeller in Grenada
(August-December 2014); however, they found intense arthralgia and myalgia but with
shorter durations in women who became infected with CHIKV during gestation [131]. Both
authors found that the frequency of newborns who need intensive care unit admission
seems to be higher when the women are exposed to CHIKV within 1 week before delivery,
as well as pregnancy complications [130,131]. In contrast, a study conducted in India
between August and October 2016 enrolled 150 CHIKV-infected pregnant women with a
mean period of gestation of 25.62 & 13.475 weeks. Of these women, 30 developed adverse
pregnancy outcomes, mainly during the third trimester (80%), such as preterm delivery
(7.33%), premature\rupture of membranes (3.33%), decreased fetal movements (2.67%),
intrauterine death (2.67%), and oligohydramnios and preterm labor pains (2%) [132]. In the
same way, AbdelAziem and collaborators reported cases of miscarriage (19.4%), preterm
birth (13.9%), and stillbirth (4.3%) in a total of 93 women [133].

Although rare, vertical transmission (mother-to-child) has already been reported in
CHIKYV infection. The first report was conducted in June 2005 on the Reunion Island
epidemic, which occurred between March 2005 and December 2006 [134]. In this outbreak,
the rate of vertical transmission was close to 50% in mothers with high viremia during the
intrapartum period [135]. Most authors believe the infection occurs by microtransfusions
at the placental barrier or the breakdown of the syncytiotrophoblast due to uterine contrac-
tions [136,137]. The role of the placenta in CHIKV transmission is not fully understood;
however, even after postponing normal birth or performing a cesarean delivery, the trans-
mission of the virus to the baby is not avoided [135,136]. CHIKV antigens were detected
in the placenta, such as the decidual, trophoblast, endothelial, Hoffbauer cells, and inside
fetal capillaries [77,78,138].

During the intrapartum period, when the mother presents high viremia, the risk of
the occurrence of CHIKYV vertical transmission is increased; however, early maternal—fetal
transmission of the virus has also been reported. Three cases of CHIKV infection before
16 weeks of gestation were reported, culminating in spontaneous abortions, with viral
genome detection in the amniotic fluid, chorionic villi, and fetal brain [139]. Our group
reported that spontaneous abortions occurred during the first and second trimesters, which
exhibited microscopical and ultrastructural alterations and CHIKV antigen detection in
abortion material [138]. The pregnant women infected with CHIKYV in the studies cited
were aged between 24 and 40 years old. In general, they denied smoking, alcohol use,
or comorbidities. In most cases, infections in the first or second semester were symp-
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tomatic and led to miscarriage. The placentas of pregnant women who became infected
with CHIKV during the second and third trimesters also exhibited histopathological al-
terations, CHIKV antigen detection, and an increase of cellularity and cytokines (pro-
and anti-inflammatories) [77]. Several studies demonstrate the presence of CHIKV in the
placenta [140], newborn cerebrospinal fluid, amniotic fluids [141], serum [79,142], and
urine [79]. Although RNA CHIKV was detected in breast milk, transmission to infants was
not reported [143].

Some of the obstetric complications already reported in CHIKV infection were: spon-
taneous abortion, preeclampsia, postpartum hemorrhage, premature birth, intrauterine
death, oligohydramnios, and sepsis [76,132]. It is recommended to observe, for 7 days,
the newborns of mothers who are suspected of having CHIKYV infection as symptoms in
infected neonates usually appear between the 3rd and 7th day of life [144]; these symptoms
include fever, refusal to breastfeed, rash, swollen extremities, skin hyperpigmentation,
thrombocytopenia, and irritability. However, neurological involvement may occur, lead-
ing to cases of meningoencephalitis, cerebral edema, intracranial hemorrhage, seizures,
postnatal microcephaly, cerebral palsy, and neurodevelopmental delay [134,144-149]. It is
important to emphasize that asymptomatic pregnant women could transmit the virus to
the fetus [137].

7. Dendritic Cells, Macrophages, and Natural Killer Cells in Vertical Transmission

Vertical transmission of the dengue and chikungunya viruses has already been shown
in previous studies [33,77,114,134,138,150]. However, little is known about the intrinsic
mechanisms and cells involved in this event.

Dendritic cells (DC), alongside macrophages and natural killer (NK) cells, are essential
cell subpopulations in placental homeostasis, participating in the regulation of implanta-
tion events and the success of pregnancy [151]. The first ones, in particular, are abundant
cells located in the basal/parietal decidua, where both CD83+ (mature dendritic cells)
and DC-SIGN+ (immature dendritic cells) contribute to the homeostasis in the placental
tissue and modulate the cytokine expression and function of NK cells at the maternal—fetal
interface [152,153]. Furthermore, these major subpopulations of cells are considered sen-
tinels, responsible for the dissemination and amplification of both DENV and CHIKV
infection [154,155]. Even though previous works have already shown that the dendritic
cells of placental tissues are permissive to ZIKV infection [156,157], in another Flavivirus,
the exact role of these cells in the vertical transmission of DENV and CHIKY is yet to be
further investigated.

Macrophages, another type of immune cell found in maternal decidua, are highly
associated with several important events, including the secretion of angiogenic molecules,
remodeling of spiral arteries, and clearance of apoptotic cell remains in the placental
bed [158,159]. These immune cells, alongside Hofbauer cells (HC), a type of chorionic
villi-resident macrophage, represent an important barrier against pathogens and play a
critical role in vertical transmission [160]. Therefore, infected maternal macrophages are
thought to be crucial for vertical transmission events as they could interact with the placen-
tal trophoblast cells and transmit the infection [126]. In DENV cases, Hofbauer cells and
macrophages appear to be pivot cells in the pathogenesis of the disease in placental tissues
as the NS3 protein, implicated in dengue virus replication, was observed in the cytoplasm
of both immune cells and in several organs of aborted fetuses, as well as in the maternal
and fetal region of placentas [52]. The expression of TNF-«, IFN-y, and RANTES was
also found in DENV-infected placentas, revealing the maintenance of a pro-inflammatory
environment in these cases [52]. Additionally, in an immunocompromised animal model,
DENYV vertical transmission was observed in the early stages of pregnancy and associated
with an increased antibody-dependent enhancing (ADE) condition, which makes it conceiv-
able that Hofbauer cells and macrophages at the maternal portion expressing Fc-gamma
receptors could play an important role in inducing an ADE condition and, consequently,
fetal infection [161]. Regarding CHIKYV infections, several virus antigens were found in
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Hofbauer cells in the placentas of infected pregnant women, evidencing the permissiveness
of these cells to infection [78,138]. The presence of pro-inflammatory mediators was also
noticed [77].

Decidual NK cells compose the majority of decidual cells (ANK) during early preg-
nancy and are specifically located around expanding extravillous trophoblasts [162]. These
specialized maternal cells differ both in phenotype and function when compared to pe-
ripheral NK (pNK) cells and play a critical role during trophoblast invasion and placenta-
tion [163-165]. They also display distinct cytotoxic responses as dNK cells seem to produce
high levels of cytokines and be less cytotoxic during trophoblast infection [166,167]. There-
fore, dNK cells tend to preserve the placental trophoblasts during the development of
an immune response against some pathogens, evidencing the fact that the placenta is
considered a highly privileged organ [168-171]. Despite the fact that dNK cells are an
immunotolerant subpopulation of cells, the gaining of a cytotoxic phenotype can occur
regarding some specific infections [172,173].

8. IFN-I Response to Dengue and Chikungunya Placental Infection

Type I interferons (IFN-I) are the main cytokine mediators of the innate immune
response and constitute a key defense mechanism against viral infections [173-175]. Soon
after a viral infection, IFN-I synthesis is rapidly induced upon detection of viral RNA by
pattern recognition receptors (PRRs) and consequent activation of interferon regulatory
factor (IRF) [173]. Once synthesized, these cytokines act in a paracrine fashion to induce
a peripheral antiviral state [176,177]. To complete this action, different subtypes of IFN-
I, including IFN beta and IFN alpha, interact with the heterodimeric IFNAR receptor
(IFNAR1/FNAR 2) to trigger a JAK-STAT-mediated signaling cascade that culminates in
the transcription of hundreds of genes stimulated by interferons (ISGs) that have antiviral
and immunomodulatory activities [99,178]. ISG molecules can act by several mechanisms
in order to repress viral replication, including the inhibition of virus entry into the cell,
inhibition of viral protein synthesis, degradation of essential viral components, and changes
in cell metabolism [179,180]; they even play a regulatory and immunomodulatory role [181].
As much as they act through a shared receptor, it is noteworthy that the IFN-I subtypes
have different properties [175,177,181,182].

In general, it is known that DENV is capable of inhibiting IFN-I signaling by two
mechanisms: directly interfering in ISG synthesis pathways in parallel with the evasion
of innate immune receptors. The non-structural proteins of DENV, especially NS2, NS4
(NS4A /NS54B), and NS5, have the ability to inhibit the activation of tyrosine kinase 2 (Tyk2),
inhibit the phosphorylation of STAT1, and decrease the expression and inhibit the phos-
phorylation of STAT 2 (essential intermediates in the ISG synthesis cascade). Furthermore,
the NS5 protein induces STAT2 degradation through a mechanism involving the cellular
proteasome. On the other hand, the evasion of cell receptors would be related to the site
of viral replication. Like other flaviviruses, the dengue virus induces the formation of
intracellular vesicles from the membrane of the endoplasmic reticulum, which functions as
a viral replication site. These vesicles resemble cellular organelles and, for this reason, are
not recognized by components of the innate response [183-185].

With regard to in vitro studies, Luo and collaborators performed infection tests with
flaviviruses, such as ZIKV, YFV, and DENYV, in first-trimester human extravillous tro-
phoblast cells (HTR8). DENV-RNA levels in the infected HTRS cells were significantly
enhanced on day 1 and continued to increase on day 4 and day 6 pi. On day 4 pi, IL-6,
TNF-«, IL-8, and CCL2 production was augmented in ZIKV-infected HTRS cells compared
to YFV and DENYV; however, DENV-infected cells produced more of these cytokines com-
pared with the YFV-infected cells. Meanwhile, CCL3 (macrophage inflammatory protein-1
o, MIP-1) and RANTES/CCL5 production were higher in DENV-infected cells. The
IFN-alpha response was low in DENV-infected cells and the IFN-beta response was higher
in DENV-infected cells compared to ZIKV-infected cells in each of the three infection times;
this was also the case when compared to YFV-infected cells 6dpi [186]. The cytokine profile
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of DENV-infected HTRS cells was characterized by high levels of IL-6, IL-10, IL-15, CCL2,
CCL3, IL-8, VEGF, IFN-gamma, and IFN-alpha 2 [187]. In addition, DENV was shown
to be able to infect other trophoblast cell lines, such as JEG3 and JAR, and promote the
expression of IFNA1 better than IFNA2 [188]. In experiments with mice infected with DENV,
the decidua exhibited a higher number of genes being upregulated, including caspase (2, 6,
8, and 9), IRF1, and NOS2. In the fetal placenta, there were expressions of complements,
such as C4A, C6, and CFB [161].

Although some studies have already shown that CHIKYV is able to inhibit the phos-
phorylation of the intermediates of the JAK-STAT cascade and, therefore, interfere with
the IFN-I-mediated response [189], it is already well established that the response medi-
ated by IFN-I has a critical role in limiting the replication and pathogenesis of CHIKV in
human and mouse models and that the different subtypes of IFN-I (IFN alpha and IFN
beta) play a protective role via different mechanisms [174,190,191]. While IFN alpha acts
by limiting viral replication and spread, IFN beta acts by modulating neutrophil density
at the site of infection, regulating inflammation during acute infection [174,192]. Further-
more, it is believed that IFN alpha somehow interferes with the chronic version of the
pathology. Locke and collaborators demonstrated that early IFN alpha activity is able to
limit persistent viral RNA, as well as the number of surviving immune cells, suggesting
that the IFN alpha-mediated response plays a central role in the development of chronic
chikungunya [177]. However, further studies are needed to clarify the role of each subtype
of IFN-I in the chronic condition of the pathology.

Despite the high incidence of DENV and CHIKYV infection in pregnant women, the role
of IFN-I during placental viral infection is a gap in the knowledge. Studies investigating the
impact of IFN-I during placental infection with DENV or CHIKYV are extremely scarce. It is
noteworthy that IFN-I is an essential molecule for the proper development of a pregnancy
since these cytokines act in the placenta by regulating inflammation, protecting against viral
infections, and contributing to fetal immunity [193,194]. Loss of an IFN-I-mediated response
in the placenta can lead to a number of events, including exacerbated viral replication, fetal
infection, and other factors that contribute to pregnancy complications [194-196]. Thus,
the need for and urgency of carrying out studies evaluating the role of IFN-I in placental
infection by DENV and CHIKYV is evident.

9. Conclusions

The occurrence of arboviruses during pregnancy is an additional concern, due to the
possibility of vertical transmission and fetal involvement. The various placental immune
cells play a role in viral dissemination and may contribute to vertical transmission. IFN-I
proteins are the main cytokine mediators of the innate immune response and constitute a
key defense mechanism against viral infections. Despite the high incidence of DENV and
CHIKY infections in pregnant women, the role of IFN-I during placental viral infection is a
gap in knowledge and must be better studied (Figure 1). Most of the studies reported here
were case studies of patients who had infections during pregnancy, some of which led to
serious outcomes, such as miscarriage or maternal and fetal death. We therefore believe
that infection with these arboviruses in pregnancy can be very dangerous and should be
studied further.
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Figure 1. Schematic representation of the human maternal-fetal interface during DENV or CHIKV
infection. DENV or CHIKYV infection has immense potential to affect both maternal and fetal health.
(A) During pregnancy, DENV infection can lead to thrombocytopenia, postpartum hemorrhage,
miscarriage, and preeclampsia, in addition to representing an increased risk of neonatal death. (B) On
the other hand, CHIKYV infection can cause spontaneous abortion, postpartum hemorrhage, sepsis,
intrauterine death, and preeclampsia and can also cause thrombocytopenia, fever, rash, irritability, and
neurological disorders in the newborn. In the basal decidua are cells of the immune system: decidual
natural killer (ANK) cells, dendritic cells, and maternal macrophages (dM). Chorionic villi contain
trophoblast cells, Hofbauer cells (HBC), and fetal capillaries surrounded by a layer of cytotrophoblasts
and multinucleated syncytiotrophoblast cells. The chorionic villus is floating in the intervillous space,
bathed in maternal blood. So far, the mechanism involved in the vertical transmission of both
viruses remains unclear. It is believed that vertical transmission can occur via the direct infection
of trophoblasts (C) or syncytiotrophoblasts (D), as well as from breaches on the trophoblast layer
(D) or via paracellular transport (C,D) from maternal blood to the fetal capillaries. The role of
decidual immune system cells during DENV or CHIKYV infection is not well established and nor is
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the IFN-I-mediated response, representing a gap in knowledge.
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Abstract: Porcine epidemic diarrhea virus (PEDV) has caused great damage to the global pig industry.
Innate immunity plays a significant role in resisting viral infection; however, the exact role of innate
immunity in the anti-PEDV response has not been fully elucidated. In this study, we observed that
various porcine innate immune signaling adaptors are involved in anti-PEDV (AJ1102-like strain)
activity in transfected Vero cells. Among these, TRIF and MAVS showed the strongest anti-PEDV
activity. The endogenous TRIF, MAVS, and STING were selected for further examination of anti-
PEDV activity. Agonist stimulation experiments showed that TRIF, MAVS, and STING signaling
all have obvious anti-PEDV activity. The siRNA knockdown assay showed that TRIF, MAVS, and
STING are also all involved in anti-PEDV response, and their remarkable effects on PEDV replication
were confirmed in TRIF~/~, MAVS~/~ and STING~/~ Vero cells via the CRISPR approach. For
further verification, the anti-PEDV activity of TRIF, MAVS, and STING could be reproduced in
porcine IPEC-DQ cells treated with siRNAs. In summary, this study reveals that multiple pattern-
recognition receptor (PRR) signaling pathways of porcine innate immunity play an important role in
the anti-PEDV infection, providing new and useful antiviral knowledge for prevention and control of
PEDV spreading.

Keywords: PEDV; porcine innate immunity; pattern recognition receptor (PRR); signaling adaptors;
knockout; siRNA

1. Introduction

Porcine epidemic diarrhea virus (PEDV) is an intestinal coronavirus that targets the
small intestinal epithelial cells of pigs. It causes damage to the small intestinal epithelial
tissue, inducing intestinal congestion, swelling, and watery diarrhea in pigs, which leads to
anorexia and body wasting in fattening pigs and high mortality rate in suckling piglets [1].
In recent years, with the emergence of new PEDV variant strains, PED broke out again
globally, especially in Asian countries, causing great economic loss [2,3].

As a porcine enteric virus, PEDV belongs to the « coronavirus class and is a positive-
sense single-stranded RNA virus [4]. The total length of the virus genome is 28 kb and it
contains open reading frame (ORF)1a, ORF1b, spike protein (S), accessory protein ORF3,
envelope protein (E), membrane protein (M) and nucleocapsid protein (N) genes [4]. The
S protein encoded by the S gene consists of two domains, S1 and S2, with the interaction
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between S1 and host cell receptors as the first step of infection and the main determinant of
viral anisotropy [5]. Additionally, PEDV encodes two large polyproteins, ppla and pplab.
Via the protease activity of non-structural proteins (Nsp) 3 and Nsp5, these two large
polyproteins are further processed into 16 non-structural proteins, Nsp1 to Nsp16 [6]. In
addition to its genetic diversity, PEDV has also evolved a variety of strategies to antagonize
host innate antiviral defense for successful infection [7].

The innate immune system is known to be the first line of defense against infection
caused by pathogens [8]. Pathogenic microorganisms produce conserved molecules called
pathogen-associated molecular patterns (PAMPs) when they invade the organism or repli-
cate in the host organism [8]. Host cells express receptors for these molecules, named
pattern recognition receptors (PRRs), which are composed of toll-like receptors (TLRs),
RIG-I-like receptors (RLRs), NOD-like receptors (NLRs), C-type lectin receptors (CLRs),
and cytosolic DNA receptors (CDRs) [9]. These receptors recognize PAMPs and activate
intracellular cascade signaling pathways comprising adaptors, kinases, and transcription
factors, ultimately initiating intracellular gene transcription or protease cleavage of cytokine
precursors [9]. Thus, the produced antiviral interferons (IFNs), inflammatory factors, and
chemokines play an anti-infection role while profoundly influencing subsequent adaptive
immune responses [9,10].

The mutual evolution of virus and innate immune response of the host leads to sig-
nificant viral diversification and enhanced host antiviral response [11]. In the competition
between viruses and host cells, many viruses, including coronaviruses, have evolved vari-
ous strategies to evade or disrupt antiviral immunity, such as type I and type III interferons
(IFNs) [12]. There is increasing evidence that several PEDV proteins such as nsp1, nsp3,
nsp5, nsp8, nspl4, nspl5, nsp16, E, M, and N can resist host IFN signaling [13]. In addition,
PEDV has been reported to inhibit IFN induction via different mechanisms [13,14]. As
for innate immunity for recognition of and defense against PEDYV, it has not been totally
understood until now. In this study, we demonstrated that PEDV can activate multiple
PRR-mediated signaling pathways to induce anti-PEDV activity. This study provides new
insight into host innate immune responses against PEDV infection.

2. Materials and Methods
2.1. Cells, Virus and Reagents

PEDV-permissive Vero cells and human embryonic kidney (HEK) 293T cells were cul-
tured in Dulbecco’s Modified Eagle’s Medium (DMEM; Thermo Fisher Scientific, Waltham,
MA, USA) supplemented with 10% fetal bovine serum (FBS, Thermo Fisher Scientific)
and 100 U/mL of penicillin plus 100 g/mL streptomycin. IPEC-DQ cells were cultured in
Roswell Park Memorial Institute (RPMI) medium (Hyclone Laboratories, Logan, UT, USA)
containing 10% FBS with penicillin/streptomycin. All cells were maintained at 37 °C with
5% CO; in a humidified incubator. The PEDV strain used in this study was a mutant strain
of PEDV AJ1102 (GenBank: JX188454.1). Poly(I:C)-LMW, poly(L:C)-HMW, 2'3’-cGAMP
and poly(dA:dT) were all obtained from InvivoGen (Hongkong, China). Mouse anti-
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mAb, mouse anti-green fluores-
cence protein (GFP) mAb, and mouse anti-f3-Actin mAb were all brought from TransGen
(Beijing, China). Mouse anti-MAVS mAb was from Santa Cruz Biotechnology (Dallas, TX,
USA), rabbit anti-TRIF pAb was from Biodargon (Beijing, China), and rabbit anti-STING
pAb was bought from Proteintech (Wuhan, China).

2.2. Preparation of Monoclonal Antibody against N Protein of PEDV

The PEDV N gene amplified by PCR from PEDV ¢cDNA using the primers shown
in Table 1 was inserted into the EcoR V and Sal I sites of pENTR4-2HA vector. The
resultant recombinant pENTR4 vector was subjected for LR recombination with pDEST527
(Thermo Fisher Scientific) to construct the pDEST527-N prokaryotic expression vector.
After induction at 25 °C for 12 h with 1 mM IPTG, the soluble N protein was expressed in
transformed E. coli (DE3/BL21). The expressed N protein was purified via nickel column
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according to the instructions of the His-tag Protein Purification Kit (Beyotime, China).
Female 6-week-old BALB/c mice were immunized four times with 30 pg purified N
protein plus 1:1 immune adjuvant (QuickAntique-Mouse5w, Biodragon, China) each, via
multiple subcutaneous injections in the back. The monoclonal antibody (mAb) of N protein
was obtained via regular hybridoma technology from the immunized mice. The reaction
specificity of N mAb is shown as in Figure S1.

Table 1. PCR primers used for PEDV N gene amplification.

Prime Names Sequences (5'-3)
PEDV-N-F GGGCCGTCGACATGGCTTCTGTCAGTTTTCAGGATCG
PEDV-N-R GGGCCGATATCATTTCCTGTATCGAAGATCTCGTTGATAATTTCAAC

Note: the restriction enzyme sites are underlined.

2.3. Quantitative Reverse Transcription Polymerase Chain Reaction (RT-qPCR)

The total RNA of the Vero cells after PEDV infection or agonist stimulation was
extracted with TRIzol reagent (Thermo Fisher Scientific). The extracted RNA was reverse-
transcribed into cDNA with the HiScript®1st Strand cDNA Synthesis Kit (Vazyme, China).
qPCR was performed in 20 pL reactions with the Cham Q Universal SYBR qPCR Master
Mix (Vazyme, China) using the StepOne Plus real-time PCR system (Applied Biosystems,
Foster City, CA, USA). The qPCR primers were as shown in Table 2. Results of the relative
mRNA expression were calculated via the 2722Ct method, with 3-Actin used as the internal
reference control.

Table 2. The qPCR primers used for the detection of mRNA expression.

Prime Names Sequences (5'-3')
PEDV-N-f CAAGAACAGAAACCAGTCAAATGACC
PEDV-N-R AGAGTGGAGGAGAATTCCCAAGG
M-IFEN-«-F ATCTGCTCTCTGGGCTGTGATCT
M-IFN-o-R TTCAGACAGGAGAAAGGAGAGATTCT
M-IFN-3-F AAATTGCTCTCCTGTTGTGCTTCT
M-IFN-3-R AAGCCTTCCATTCAATTGCCA
M-ISG15-F CTCTGAGCATCCTGGTGAGGAA
M-ISG15-R CGAAGGTCAGCCAGAACAGGT

M-f3-Actin-F AGAAGATGACCCAGATCATGTTTG

M-3-Actin-R ATCCATCACGATGCCAGTGGTA

Note: M denotes monkey.

2.4. Western Blot Analysis

The treated cells were collected and lyzed in a radio-immunoprecipitation assay (RIPA)
buffer (50 mM Tris pH 7.2, 150 mM NaCl, 1% sodium deoxycholate, 1% Triton X-100). The
extracted whole-cell protein was separated via sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE), and then the protein in gel was transferred to a polyvinylidene
fluoride (PVDF) membrane. The membrane was blocked with Tris-buffered saline with
Tween (TBST) solution containing 5% skim milk at room temperature for 1 h and incubated
overnight at 4 °C with mouse PEDV N mAb (1:1000) as specific primary antibody or other
primary antibodies. Next, the membrane was washed with TBST 3 times each for 3-5 min,
and then incubated with HRP-labeled goat anti-mouse or rabbit IgG (1:10,000, Transgen
Biotech, Beijing, China) as the secondary antibody. The protein signals were visualized
using an imaging system (Tanon, China) with the ECL chemiluminescence detection system
(Tanon, China) according to the manufacturer’s instructions.

2.5. Virus TCID50 Titration

Vero cells cultured in 96-well plates were infected with PEDV in 10-fold continuous
dilutions at 37 °C for 2 h, and the supernatants were replaced with fresh DMEM containing
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2% FBS. After 4 to 5 days of infection, Vero cells showed significant cytopathic effect (CPE),
manifested as cell shedding. The virus titer was calculated according to the Reed-Muench
method and expressed as 50% tissue culture infection dose (TCID50).

2.6. Plaque Assay

A suitable number of Vero cells were seeded into the different cell plates (1.5 x 10° cells/
well in 6-well plate and 3-4 x 10° cells/well in 24-well plate). The PEDV sample to be tested
was diluted 10~ 1-10~* times to infect cells in the plate wells. After 2 h of viral infection, the
monolayer cells were immediately and slowly covered with 1:1 mixed 1.6-2% low-melting
agarose solution with DMEM medium containing 4% FBS. About 3-5 days after infection,
cells were fixed and stained with crystal violet dye containing 4% polyformaldehyde. After
staining, the cells were rinsed gently and directly with tap water until the clear plaques
appeared, then photographed.

2.7. RNA Interference by siRNA

All siRNAs targeting monkey and porcine TRIF, MAVS, and STING were designed
and synthesized by Thermo Fisher Scientific. The knockdown efficiency of individual
siRNAs for monkey cells has already been tested in our previous work [15]. To determine
the knockdown efficiency of designed porcine siRNA sequences (Table 3). IPEC-DQ cells
were transfected with 50-150 nM individual siRNAs with Lipofectamine 2000 (Thermo
Fisher Scientific), and the expression of corresponding proteins were measured via Western
blotting using anti-TRIF antibody (1:1000), anti-MAVS antibody (1:1000), and anti-STING
antibody (1:2000), respectively. For the validated siRNA duplexes, Vero cells or IPEC-DQ
cells in 12-well plates with 70-80% monolayers were transfected with 100 nM siRNAs using
Lipofectamine 2000 and used for subsequent experiments.

Table 3. The designed siRNA sequences for porcine TRIF, MAVS, and STING genes.

siRNA Names Sequences (5'-3')

CCAGCCUGCAUCCAUCCAUTT
AUGGAUGGAUGCAGGCUGGTT
CCGACCGUGCUGGCAUCAATT
UUGAUGCCAGCACGGUCGGTT
GCUCGGAUCCAAGCUUAUATT
UAUAAGCUUGGAUCCGAGCIT
CCACCACAGAGAUCUUUAATT
UUAAAGAUCUCUGUGGUGGTT
GGCUGCACUACUGUAUUAUTIT
AUAAUACAGUAGUGCAGCCTT
GCCUGUCCUUUACCCUUUATT
UAAAGGGUAAACGACACCCTT
GGGUUCAUCACAUUAAUAATT
UUAUUAAUGUGAUGAACCCTT
UUCUCCGAACGUGUCACGUTT
ACGUGACACGUUCGGAGAATT

P-STING-11-F/R
P-STING-689-F/R
P-STING-529-F/R
P-MAVS2329-F/R
P-MAVS3138-F/R

P-TRIF5800-F/R
P-TRIF11858-F/R

siNC-F/R

Note: The P denotes porcine.

2.8. Preparation of TRIF~/~, MAVS ™/~ and STING /= Vero Cells by CRISPR/Cas9 Approach

The clustered, regularly interspaced short palindromic repeat guide RNAs (CRISPR
gRNAs) were designed based on the first exons of monkey STING (GenBank: CM014354.1),
TRIF (GenBank: CM014354.1), and MAVS (GenBank: CM014354.1). For each gene, 2-3 gRNAs
were selected (Table 4), and the annealed gRNA encoding DNA pairs were ligated with
the Bbsl digested vector pSpCas9(BB)-2A-GFP (pX458, Addgene, Watertown, NY, USA).
Subsequently, each gRNA expressing pX458 was transfected into Vero cells using Lipo-
fectamine 2000, and the GFP-positive cells were sorted from transfected cells using a BD
FACSAria III Sorter. The individual Vero cell clones obtained via limited dilution from the
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sorted GFP expressing cells were screened via PCR using the designed primers (Table 4).
The PCR products were cloned into T vector, using the pClone007 Versatile Simple Vector
Kit (TsingKe Biological Technology, Beijing, China). The inserted fragments were multiply
sequenced, and the sequences were analyzed for base insertion and deletion (indel) muta-
tions, based on which two TRIF~/~, three MAVS~/~ and four STING~/~ Vero cell clones
were obtained (Figure S2).

Table 4. The CRISPR gRNA encoding DNA sequences and PCR primers for monkey TRIF, MAVS,
and STING genes.

Prime Names Sequences (5'-3')

CACCGTGGATGGATGCAGACTGGAG
AAACCTCCAGTCTGCATCCATCCAC
CACCGCCATCCATCCCGTGTCCCAG

AAACCTGGGACACGGGATGGATGGC

CACCGCTGGGACAGCTGTTAAATG
AAACCATTTAACAGCTGTCCCAGC
CACCGTAGGCCACGTCCCGCAGCG
AAACCGCTGCGGGACGTGGCCTAC

CACCGATGAGGCCCGAAACCGGTGT
AAACACACCGGTTTCGGGCCTCATC
CACCGTCTTCAGTACCCTTCAGCGG

AAACCCGCTGAAGGGTACTGAAGAC
CACCGCTGGTAGCTCTGGTAGACAC
AAACGTGTCTACCAGAGCTACCAGC

M-STING gRNA1-F/R
M-STING gRNA2-F/R
M-STING gRNA3-F/R
M-TRIF gRNA1-F/R
M-TRIF gRNA2-F/R
M-MAVS gRNA1-F/R

M-MAVS gRNA2-F/R

TCGCAGAGACAGGAGCTTTG
M-STING-F/R GGCTGCAGACCCCATTTAAC
ACTGAAGGCTGATGCAGCG

M-TRIF-F/R TTTCCAAGTTGCTGGCCAGG
M-MAVS-F/R GCTCTTCTGGCTITTICTTGGCG

GCTCAGCCTGGATCTACACCC

Note: M denotes monkey.

2.9. Statistical Analysis

The software program Image ] 5.0 was used to measure the gray values of Western blot
protein bands. The data were represented by mean =+ SD and analyzed using GraphPad
Prism 7.0. The t test was used to determine whether there was any significant difference
between the results: p < 0.05 (*) and p < 0.01 (**). p < 0.05 indicated statistical significance.

3. Results
3.1. Cell Infection and Titer Determination of PEDV Strain

The PEDV strain used in the study was able to effectively infect Vero cells and cause
significant cytopathic effect (CPE). Both TCID50 and plaque assays were performed in
Vero cells to determine the virus titer. As shown in Figure 1A,B and Figure S3, the titers
measured via TCID50 assay and plaque assay were 10*7° /0.1 mL and 4 x 10° PFU/0.1 mL
at 72 h post-infection, respectively.

3.2. Detection of Activated IFN Levels and Transfected Adaptor Proteins in Vero Cells

Some studies have reported that an interferon (IFN) defect exists in Vero cells [16],
whereas others have implied that Vero cells were able to produce IFN [17]. In this article,
the anti-PEDV activity mediated by innate immune signaling adaptor proteins was studied
mainly in Vero cells, and IFNs are an important effector affecting the antiviral results. To
overcome this potential issue, we treated Vero cells with RLRs RIG-1I/MDAJ5 agonist poly
(I:C)-LMW and TLR3 agonist poly (I:C)-HMW for 12 h and 36 h, respectively, and then
the collected cells were analyzed for IFN and IFN-stimulated gene (ISG) expressions via
RT-gqPCR. As shown in Figure 2A, the expression levels of IFN-&, IFN-{3, and ISG15 genes
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were significantly upregulated upon both stimulations, indicating that the downstream
IFN and ISG genes could be normally expressed in our Vero cells.
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Figure 1. Titration of PEDV via TCID50 assay (A) and plaque assay (B), respectively.
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Figure 2. Detection of IFN levels and the adaptor expressions in Vero cells. (A) RT-qPCR detection of
interferons (IFNs) and related genes in Vero cells. ** p < 0.01. (B) Expressions of 9 signaling adaptor
proteins in transfected Vero cells, which are fused with GFP and marked with arrows.

We previously cloned and characterized the nine porcine innate immune signaling
adaptors which represent and reflect all currently known innate immune signaling path-
ways [18,19]. The recombinant pEGFP plasmids encoding MAVS, TRIF, STING, MyDS88,
RIPK2, ASC, CARD9, BCL10, MALT1, and control vector pEGFP-N1 were transferred into
Vero cells for 24 h, and the expressions of transfected adaptor proteins were determined via
Western blotting (WB). As shown in Figure 2B, all the adaptor proteins could be correctly
expressed in the transfected Vero cells, although the expression level of TRIF was poor.

3.3. The Anti-PEDV Activities of Ectopic Porcine Signaling Adaptors in Vero Cells

To explore the impacts of nine adaptor proteins on PEDV replication, the adaptor-
transfected Vero cells were infected with PEDV, and the PEDV replication was examined by
measuring the viral N gene transcription by RT-qPCR and protein expression via Western
blotting, respectively. The RT-qPCR results showed that all the signaling adaptors decreased
the expressions of PEDV N mRNA at various levels at 48 h and 72 h post-infection, with
TRIF, MAVS, and STING being very significant in inhibition of PEDV at 72 h post-infection
(Figure 3A). The Western blotting results showed that TRIF, MAVS, and STING were most
effective in inhibition, while MyD88, RIPK2, ASC, and CARD9-BCL10-MALT1 (CBM) were
less effective in inhibiting N protein expression at 72 h post-infection (Figure 3B). The
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collected cell supernatants were measured for PEDV titer via plaque assay, which further
confirmed the above results (Figure 3C and Figure S3).
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Figure 3. Detection of the anti-PEDV activity of exogenous adaptor proteins in Vero cells. (A) The
effect of 9 adaptor proteins on PEDV N gene transcription at different time points was detected via
RT-qPCR. ** p < 0.01. (B) The effect of 9 adaptor proteins on N protein expression of PEDV at 72 h
post-infection was detected via WB. The gray values of each N protein bands after normalized by
GAPDH are shown below the corresponding protein bands. (C) The effect of 9 adaptor proteins on
virus amounts in cell supernatant after 72 h infection was detected via plaque assay.

3.4. The Antiviral Activities of Endogenous TRIF, MAV'S, and STING Signaling against
PEDV Replication

Based on the above screening results and considering the significance of the nucleic
acid-sensing signal in the antiviral activity, TRIF, MAVS, and STING were chosen and
their endogenous signaling was investigated for antiviral roles in PEDV infection. Several
agonists were used to trigger endogenous innate signaling, including poly(I:C)-HMW for
TLR3-TRIF signaling, poly(I:C)-LMW for RIG-I/ MDA5-MAVS signaling, 2'3'-cGAMP for
STING signaling, and poly(dA:dT) for cGAS-STING signaling. RT-qPCR (Figure 4A,B),
WB detection (Figure 4C), and plaque assay (Figure 4D and Figure S3) all demonstrated
that the poly(I:C)-HMW-induced TRIF signaling, poly(I:C)-LMV-induced MAVS signaling,
2/-3"-cGAMP, and poly(dA:dT)-activated STING signaling possess obvious anti-PEDV
activity. The anti-PEDV effect in Vero cells was more obvious at 72 h post-infection than at
48 h post-infection (Figure 4A-C).

3.5. Knockdown of Endogenous TRIF, MAVS, and STING Enhances PEDV Replication

To further explore the roles of endogenous TRIF, MAVS, and STING in PEDV replica-
tion, the previous validated siRNAs were used to knock down TRIF, MAVS, and STING in
Vero cells prior to PEDV infection [15]. In the TRIF, MAVS, and STING siRNA-treated Vero
cells, PEDV N mRNA and N protein expressions were obviously increased at 72 h post-
infection relative to control siRNA-treated cells (Figure 5A,B). Similarly, compared with
control siRNA-treated cells, PEDV titers were obviously heightened in TRIF, MAVS, and
STING siRNA-treated cells at 72 h post-infection (Figures 5C and S3). These results suggest
that endogenous TRIF, MAVS, and STING are all part of the host defense mechanism and
necessary for inhibition of PEDV replication.
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Figure 4. The effects of endogenous TRIF, MAVS, and STING signaling on PEDV replication in Vero
cells. (A,B) The effect of different stimulants on PEDV replication at both 48 h and 72 h post-infection
was detected via RT-qPCR. CTR denotes the transfection control and Mock the non-treatment control.
*p <0.05 ** p <0.01. (C) The effect of stimulation on PEDV replication at both 48 h and 72 h
post-infection was detected via WB. The gray values of each N protein bands after normalization
by GAPDH are shown below the corresponding protein bands. (D) The effect of stimulants on the
amount of virus in the supernatant after 72 h infection was detected via plaque assay.
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Figure 5. The effects of knockdown of endogenous TRIF, MAVS, and STING on PEDV replication
in Vero cells. (A) The effect of signaling adaptor knockdown on PEDV N gene expression was
detected via RT-qPCR. NC denotes the negative control siRNA. * p < 0.05, ** p < 0.01. (B) The effect of
signaling adaptor knockdown on PEDV N protein expression. The gray values of each N protein
bands after normalized by GAPDH are shown below the corresponding protein bands. (C) The effect
of signaling adaptor knockdown on PEDV replication after 72 h infection in Vero cell was detected
via plaque assay.

3.6. PEDV Replication Was Enhanced in TRIF~/~, MAVS~"~ and STING /= Vero Cells

In order to further verify the anti-PEDV infection effects of STING, TRIF, and MAVS in
Vero cells, we used CRISPR/Cas9 gene editing technology to construct STING, TRIF, and
MAVS knockout Vero cell lines, respectively. Clones of TRIF~/~,MAVS~/~,and STING/~
Vero cells were obtained and used for PEDV infection together with normal Vero cells as
a control. Compared with the control Vero cells (WT), the expression of N gene mRNA
and N protein in TRIF~/—, MAVS~/~, and STING/~ Vero cells after PEDV infection
and the virus content in culture supernatant were significantly increased (Figure 6A-C

30



Viruses 2023, 15, 1629

PEDV

N pro

STING . ..
MAVS | g s - |

- - . |

TRIF |

and Figure S3). Additionally, WB again confirmed that the adaptor protein expression
in the corresponding knockout cells disappeared as expected (Figure 6B). These results
further proved the important roles of TRIF, MAVS, and STING in host defense against
PEDV infection, especially the important influence of TRIF and MAVS in PEDV infections.

3.7. Knockdown of Endogenous TRIF, MAV'S, and STING in IPEC-DQ Cells Promoted PEDV
Replication

PEDV is a diarrhea virus prevalent in pigs. So as to further detect the effects of
endogenous TRIF, MAVS, and STING on the replication of PEDV, we used relevant IPEC-
DQ cell line of piglet jejunal epithelium for PEDV infection. First, different individual
siRNA sequences of porcine TRIF, MAVS, and STING were transfected into IPEC-DQ
cells at a concentration of 50-150 nM, respectively, and cells were collected 24 h later for
detection to determine siRNA knockdown efficiency. In accordance with the knockdown
effect on protein level detected via WB (Figure 7A-C), STING 11 siRNA, MAVS 2329 siRNA,
and TRIF 5800 siRNA were finally selected for subsequent experiments at a working
concentration of 100 nM.
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Figure 6. PEDV replication was increased in TRIF~/~, MAVS~/~, and STING~/~ Vero cells. (A) RT-
qPCR was used to detect PEDV N gene mRNA expression in knockout (KO) cells and wild-type
(WT) normal Vero cells. ** p < 0.01. (B) The expression of PEDV N protein in knockout cells was
detected via WB. The gray values of each N protein bands after normalization by GAPDH are shown
below the corresponding protein bands. (C) The PEDV content in the knockout cell supernatants was
detected via plaque assay.

The three siRNA duplexes and negative control siRNA duplex were transfected into
IPEC-DQ cells using Lipofectamine 2000 for 24 h, followed by PEDV infection. At72 h
post-infection, RT-qPCR, WB, and plaque assay showed that when TRIF, MAVS, and STING
in IPEC cells were silenced by corresponding siRNA, N gene transcription, N protein
expression, and virus replication levels of PEDV were slightly increased compared with the
control group (Figure 7D-F and Figure S3). These results further indicated that a variety of
porcine innate immune signaling pathways exert the anti-PEDV function.
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Figure 7. Effects of siRNA knockdown of endogenous TRIF, MAVS, and STING on PEDV replication
in IPEC-DQ cells. (A-C) WB detection of TRIF, MAVS, and STING siRNA knockdown efficiency by
different siRNAs. The gray values of each adaptor protein bands after normalization by -Actin
are shown below the corresponding protein bands. (D) The effect of signaling adaptor knockdown
on PEDV replication was detected via RT-qPCR. * p < 0.05. (E) The impact of signaling adaptor
knockdown on PEDV replication was detected via WB. The gray values of each N protein bands
after normalization by GAPDH are shown below the corresponding protein bands. (F) The effect
of adaptor knockdown on the level of supernatant PEDV at 72 h post-infection was detected via
plaque assay.

4. Discussion

Porcine epidemic diarrhea (PED) is a swine disease with worldwide distribution which
has important economic significance, posing a huge threat to the swine industry. At present,
PEDV variants have emerged and evolved persistently [20]. Although there are several
PED vaccines available on the market, protective immunity from vaccination depends on
both effective innate immunity and adaptive immunity [21]. Innate immune response is
the first line of host defense during infection and plays a crucial role in early recognition of
and immune protection against virus infection. However, PEDV does not elicit a robust
antiviral IFN response; the interaction between PEDV and host immunity is complex,
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and its mechanism has not been fully understood until recently [22]. To understand and
maximize the potential of PEDV innate immunity, we examined the anti-PEDV innate
immune response globally and completely by investigating the signaling adaptors which
represent and reflect all currently known innate immune signaling pathways. Our results
and findings indicated that multiple innate immune signaling pathways are involved in
the recognition of and defense against PEDV infection.

Among different PRR families, three types of PRRs have been identified in the recog-
nition of viral nucleic acids, including RLR detection of viral RNA in the cytoplasm [23],
TLR recognition of viral RNA or DNA in the endosome [24], and CDR detection of viral
DNA in the cytoplasm [25]. Here, we found and confirmed the significant roles of the
RLR adaptor MAVS, the TLR3 adaptor TRIF, and the CDR adaptor STING in anti-PEDV
response. Additionally, other innate signaling adaptors MyD88, RIPK2, ASC, and CARD9-
BCL10-MALT1 (CBM complex) also appeared to play a role in anti-PEDV response. MyD88
is the common signaling adaptor for all TLRs except TLR3 [26]. RIPK2 is the signaling
adaptor for NLRs NOD1 and NOD2, whereas ASC is the adaptor for other NLRs [27]. The
signaling adaptor complex of CBM is for all CLRs [28]. Among these various PRRs, the
roles of some PRRs such as NLRs and CLRs have never been investigated and need to be
validated and investigated during PEDV infection.

Pigs at all life stages can be infected with PEDV; however, both the morbidity and
mortality of suckling piglets under 7 days of age are very high. The mortality of fattening
pigs and sows after infection is very low, and most infected pigs show recessive or transient
diarrhea. Adult pigs are raised with mucosal immunity and often immunized with vaccines
compared with newborn piglets. It is very likely that there is a difference in the PRR-
adaptor cell signaling pathways between the intestinal epithelial cells of young vs. older
pigs. Additionally, other resistance mechanisms may also be at play, which differs between
young vs. old pigs.

We previously showed that multiple innate immune signaling pathways are involved
in the recognition of and defense against porcine reproductive and respiratory syndrome
virus (PRRSV), a member of Arteriviridae family [15]. Both PRRSV and PEDV harbor
positive-sense single-stranded genomic RNA, which may confer similarities in the induced
innate immune responses. Furthermore, the phenotype may be general to other viruses, that
is, many virus infections are recognized and counteracted by several innate immune PRR-
mediated signaling pathways. Subsequently, several intriguing questions arise: (1) What is
the relative contribution of each PRR signaling pathway in the anti-PEDV innate immune
response? (2) What is the relationship between different PRR signaling pathways in PEDV
infection? (3) How does PEDV evade each of these PRR signaling pathways? Answering
these questions will reveal an intricate and delicate interaction network between PEDV
and host, which deserves further researches in the future.

In summary, our results suggest that multiple porcine PRR-mediated signaling path-
ways are involved in PEDV recognition and defense. These results deepen our under-
standing of PEDV innate immunity and help maximize the potential of innate immunity to
control PEDV infection.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/v15081629/s1, Figure S1: The specific recognition of PEDV in
Vero cells by PEDV N mAb; Figure S2: The genome sequencing results and characterization of STING,
MAVS and TRIF KO cell clones; Figure S3: The quantitative column diagrams of the plaque assays in
this study.
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Abstract: Although the noncanonical NFkB pathway was originally identified as a cellular pathway
contributing to lymphoid organogenesis, in the past 20 years, its involvement in innate immunity
has become more appreciated. In particular, the noncanonical NF«B pathway has been found to
be activated and even exploited by some RNA viruses during infection. Intriguingly, activation of
this pathway has been shown to have a role in disrupting transcription of type 1 interferon (IFN),
suggesting a rationale for why this response could be co-opted by some viruses. Rift Valley fever virus
(RVEV) is a trisegmented ambisense RNA virus that poses a considerable threat to domestic livestock
and human health. Previously, we showed the atypical kinase RIOK3 is important for mounting an
IFN response to RVFV infection of human epithelial cells, and shortly following infection with RVFV
(MP12 strain), RIOK3 mRNA is alternatively spliced to its X2 isoform that encodes a truncated RIOK3
protein. Alternative splicing of RIOK3 mRNA has an inhibitory effect on the IFN response but also
stimulates an NF«kB-mediated inflammatory response. Here, we demonstrate alternative splicing
of RIOK3 mRNA is associated with activation of the noncanonical NF«B pathway and suggest this
pathway is co-opted by RVFV (MP12) to enhance viral success during infection.

Keywords: noncanonical NF«B pathway; Rift Valley fever virus; RIOK3; innate immunity; alternative
splicing

1. Introduction

Careful co-ordination of interferon (IFN) and inflammatory responses to viral infection
is essential for robust cellular immunity as well as avoidance of collateral tissue damage
caused by overblown immune responses. Viruses have evolved many strategies to dysreg-
ulate discrete pathways to evade cellular responses to infection. Such dysregulation can
be harmful to the host. For example, with the recent COVID-19 pandemic, exacerbated
inflammatory responses coupled with a muted IFN response were frequently observed in
the most severe clinical cases [1,2]. Therefore, understanding how viruses exploit innate
immune pathways within the cell could be valuable for developing countermeasures to
severe viral infections.

Rift Valley fever virus (RVFV; order Bunyavirales, family Phenuiviridae, genus Phle-
bovirus [3]) is an arthropod-borne RNA virus that poses a considerable threat to human
health and agriculture. Transmission typically occurs from mosquitoes of the Aedes and
Culex genera to humans and livestock, such as sheep, goats, and cattle [4-6]. Human
infections can also occur by handling meat, blood, or milk or inhaling aerosolized droplets
from fluids of infected animals [7]. Symptoms of human infection range from flu-like
symptoms to hemorrhagic fever [8,9]. Hepatic complications, renal failure, and miscarriage
have also been reported in humans [10,11], and these pathologies have likewise been ob-
served in animal models of Rift Valley fever and in livestock [12-16]. Due to its virulence
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and risk of being transmitted through aerosolization, RVFV is also considered a threat to
national security in some countries, including the United States, where it is considered a
USDA /HHS Overlap Select Agent [17,18]. Understanding the host innate immunologic
responses to RVFV infection is, therefore, valuable to global human health and security.

RVFV has an ambisense tripartite RNA genome and, following infection of a cell,
genomic viral RNA is detected predominantly by the retinoic acid inducible gene I (RIG-I)
intracellular receptor [19,20]. After detecting viral RNA, RIG-I associates with mitochon-
drial antiviral signaling protein (MAVS) and, following recruitment of TANK binding
kinase 1 (TBK1) to MAVS and subsequent phosphorylation of interferon regulatory factor
3 (IRF3) by TBK1, a type 1 IFN response is initiated [21-23]. This results in transcription
and translation of type 1 IFNs, such as IFNf, which, following translation, activate the
JAK/STAT pathway through autocrine and paracrine signaling [24,25]. This pathway
then results in transcription of a subset of genes, the IFN stimulated genes, that induce an
antiviral state in the cell [26-28].

Although the noncanonical NF«kB pathway (also known as the alternative NFxB
pathway) was originally identified as a cellular pathway involved in adaptive immunity
and secondary lymphoid organogenesis [29-32], it has more recently become appreciated
in cellular innate immunity for its role in transcription of inflammatory cytokines and
chemokines during viral infection [33-37]. Intriguingly, it has also been shown to disrupt
transcription of type 1 IFN [38]. During activation of the noncanonical NFkB pathway, an
activating signal frees NFkB-inducing kinase (NIK; also known as MAP3K14) from ubiquiti-
nation by an E3 ubiquitin ligase complex comprised of TRAF3 (linking NIK to the complex),
TRAF2, and cIAP1/2 and thereby spares NIK from proteasomal degradation [39—-43]. NIK
then phosphorylates IKKa [44]. Phosphorylated IKKx then phosphorylates p100 (also
known as NFkB2) dimerized with RelB in the cytosol, leading to proteolytic processing of
p100 to p52 [33,45-47]. The noncanonical NFkB dimer of p52 complexed with RelB then
enters the nucleus for transcription of genes specific to the noncanonical NFkB pathway;,
such as CXCL13 (also knowns as BLC) and CCL19 (also known as ELC) [48]. Furthermore,
while in the nucleus, the noncanonical NF«B dimer is thought to inhibit the IFN response
in part by competing with the canonical (also known as classical) NF«xB dimer for the kB
site at the IFNf promoter (Figure 1) [38].

Canonical (p50:RelA, p50:c-Rel, and p50:p50) and noncanonical (p52:RelB) NF«B
dimers belong to the same family of NF«kB transcription factors and share a Rel homology
domain [49-52], but there are key differences in their transcriptional activities and in
how and when these transcription factors become active [53-55]. For example, in order
for canonical NF«kB dimers to become transcriptionally active, they must be freed from
members of inhibitor of kB (IkB) family of inhibitory proteins in the cytosol, such as
IxkBa [56-58]. Upon phosphorylation, IkB proteins are ubiquitinated and then degraded by
the proteosome, allowing canonical NF«B dimers to enter the nucleus for transcription of
target genes [59-61].

There are several other characteristic differences between the canonical and non-
canonical NFkB pathways. Typically, activation of the canonical pathway occurs almost
immediately upon immune stimulation, but the noncanonical pathway has a much slower
onset and depends on de novo protein synthesis [32,33,62,63]. Distinct receptors activate
the noncanonical and canonical pathways, and activation of the noncanonical pathway is
more selective and exclusive to a subset of receptors [32,33]. The noncanonical pathway can
be activated through binding of the LT3R receptor with ligands, such as LIGHT [64,65]. Ac-
tivation of the canonical pathway is typified by binding of TNFa with TNFR1 receptor [66].
However, both canonical and noncanonical pathways are known to be interwoven, and
activation of one pathway can sometimes result in or even rely on activation of the other.
For example, when the noncanonical NF«kB pathway was first described, expression (but
not processing) of p100 was shown to depend on the canonical NF«B dimer, p50:RelA [65].
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Figure 1. Noncanonical NF«kB pathway overview. See text for details. Typically, the onset of the
noncanonical NF«kB pathway is delayed compared to that of the canonical NF«B pathway. In this
study, however, we show engagement of the noncanonical pathway prior to or concomitant with the
canonical pathway during RVFV MP12 infection.

In addition to a type 1 IFN response that is initiated by RIG-I detection of viral RNA,
both canonical and noncanonical NF«B pathways can also be activated when RIG-I as-
sociates with MAVS [36,67]. We and others have shown the atypical kinase RIOKS3 is
important for regulating a RIG-I-induced IFN response [68-72]. However, shortly follow-
ing RVFV infection, a shift toward alternative splicing of RIOK3 mRNA to its X2 isoform
occurs, culminating in a diminished IFN response but an elevated NFkB-mediated inflam-
matory response in human epithelial cells [70,73]. Therefore, promoting this alternative
splicing of RIOK3 mRNA could serve as a means for RVFV to evade a type 1 IFN response
and potentially lead to a dysregulated innate immune response. Here, we show the non-
canonical NFkB pathway is activated early during RVFV (MP12 strain) infection and that
alternative splicing of RIOK3 occurs specifically during activation of the noncanonical
NFkB pathway. Furthermore, the alternatively spliced isoform of RIOKS3, called RIOK3
X2, aids in expression of p100, which diminishes the type 1 IFN response. Collectively,
these observations suggest that RVFV infection and alternative splicing of RIOK3 mRNA
accompany induction of the noncanonical NFkB pathway, which decreases IFN production
and enhances viral multiplication.

2. Materials and Methods
2.1. Cell Culture, Viruses, and Infections

Vero 76, human embryonic kidney 293 (HEK 293), and hepatocarcinoma (HepG2)
cells were obtained from ATCC (Manassas, VA, USA). Vero 76 and HEK 293 cells were
cultured in Dulbecco’s Modified Eagle Medium (DMEM) containing 10% fetal bovine serum
(FBS) and penicillin + streptomycin (pen/strep) (Thermo Fisher Scientific, Waltham, MA,
USA), and HepG2 cells were grown in 1:1 DMEM:F12 containing 10% FBS and pen/strep
(Thermo Fisher Scientific). Since renal failure and hepatic complications have frequently
been observed in severe cases of RVFV infection, HEK 293 and HepG2 cells were selected
for use in this study. Experiments were initiated when cells were near confluency (70-90%).
Furthermore, the attenuated biosafety level 2 (BSL2) laboratory RVFV strain MP12 (kindly
provided by Brian Gowen Utah State University, Logan, UT, USA) was used for all viral
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infections. MP12 is an attenuated RVFV strain derived from the wt ZH548 isolate, and
this strain was used because it can be handled in BSL2 containment. RVFV MP12 harbors
mutations in all three of its genomic segments to mitigate its pathogenicity [74], but many
of the virological attributes of MP12, such as its cytopathogenicity in cell culture, are still
shared with RVFV ZH548, making MP12 a good surrogate for initial studies of RVFV. MP12
viral stocks were propagated in Vero 76 cells, and the second parental generation was used
for infections in experiments. During experimental infections, cells were incubated with
virus in DMEM or DMEM:F12 containing no FBS and no pen/strep for 1 h. Media were
then exchanged with DMEM or DMEM:F12 containing 2% FBS and pen/strep, and the
cells were incubated at 37 °C, 5% CO,; see text for specific times when cells were harvested
post-infection. Quantification of infectious dose was performed in TCID50 assays described
by Smith et al. [75] with Vero 76 cells, and TCID50/mL values were obtained using the
Reed and Muench Method. Manipulations of the viruses used in this study are compliant
with both the Institutional Biosafety Committee at the University of Montana, Missoula,
and NIH requirements in regard to their handling under BSL2 containment conditions.

2.2. Reagents

TNFo and LIGHT were purchased from BioLegend (San Diego, CA, USA). Prior
to treating cells with TNFx or LIGHT, growth media were removed; cells were washed
with PBS, and PBS was exchanged with fresh DMEM media containing 10 or 2% FBS
and pen/strep. Then, when treating with TNF«, TNFa was added such that its final
concentration in each well was 20 ng/mL, and when treating with LIGHT, LIGHT was
added to each well to reach a final concentration of 50 ng/mL. After treating with either
reagent, cells were then incubated at 37 °C, 5% CO;; see text for incubation times used in
each assay.

2.3. Plasmids, Oligonucleotides, and Transfections

Plasmid transfections were accomplished with Lipofectamine 2000 (Thermo Fisher
Scientific). In these transfections, growth media were removed, cells were washed with
PBS, and PBS in each well was exchanged with a volume of OptiMEM transfection media
equal to half the volume of growth media. The cells were then incubated at 37 °C, 5%
CO,. While the cells were incubating, transfection master mixes were prepared. When
preparing Lipofectamine master mixes, Lipofectamine was added to OptiMEM media and
incubated at room temperature for 5-20 min. Lipofectamine was added to each master
mix such that the ratio of pL Lipofectamine 2000 to pg of construct transfected would
be ~2.5 per well. After incubation of Lipofectamine master mixes, these mixtures were
added to DNA construct master mixes comprising construct DNA and OptiMEM, and the
resulting transfection mixture was left to incubate at room temperature for 20 min to allow
assembly of DNA: liposome complexes. Transfection mixtures were then dispensed into
wells with cells incubated in OptiMEM media, and the mixtures were added to each well
at a volume equal to half the volume of growth media. Before any downstream treatments
were initiated, cells were incubated with the transfection mixtures at 37 °C, 5% CO, for
at least 24 h to allow sufficient expression of the constructs. The RIOK3 X2 construct,
which we previously showed expressed the predicted protein/peptide, was expressed in a
phRL-CMYV backbone, and the empty vector (EV) control plasmid described in the text was
PhRL-CMYV backbone lacking any insert [70].

2.4. RNA Extractions and Reverse Transcription

When extracting RNA, cells were lysed with TRIzol (Thermo Fisher Scientific), and
RNA was extracted from the reagent according to the manufacturer’s protocol. To separate
RNA into an aqueous layer, lysates were first treated with 0.2 mL chloroform per 1 mL
TRIzol. Following vortex and incubation at room temperature for 10 min, the lysates
were spun at 12,000 x g and 4 °C for 15 min. Aqueous layers containing RNA were then
transferred to new tubes, and to precipitate the RNA, 2.5 puL of 4 mg/mL glycogen and
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0.5 mL isopropanol per 1 mL of TRIzol used were added. After vortex and incubation at
room temperature for 10 min, RNA samples were then spun at 12,000x g and 4 °C for
10 min. Supernatant was then removed, and the RNA pellets were washed with 1 mL of
75% ethanol per 1 mL of TRIzol used. Washes were accomplished by brief vortex of the
pellets in 75% ethanol and centrifugation at 7600 x ¢ and 4 °C for 5 min. The 75% ethanol
solution was then removed, and the pellets dried at room temperature for 5-10 min. RNA
was then resuspended in nanopure H,O, incubated at 55-60 °C for 10-15 min, and stored
at —80 °C or used immediately. Extracted RNA was then reverse transcribed to cDNA
with Maxima H Minus Reverse Transcriptase (Thermo Fisher Scientific). Prior to reverse
transcription, RNA in each sample was diluted to ~100 ng/uL. Diluted RNA was incubated
with random hexamer primers and dNTPs at 65 °C for 5 min, chilled, and reverse transcrip-
tion reagents (reverse transcription buffer and Maxima H Minus Reverse transcriptase)
were then added. After addition of reverse transcription reagents, samples were incubated
at 25 °C for 10 min., 50 °C for 30 min, and 85 °C for 5 min. Resulting cDNA was then either
immediately used or stored at —20 °C.

2.5. RT-qPCR

RT-qPCR measurements were obtained using SYBR Green Master Mix (Thermo Fisher
Scientific) and the CFX Connect Real-Time PCR Detection System (Bio-Rad, Hercules, CA,
USA). First, cDNA was diluted 1:5 in nanopure H,O. Measurements were obtained using a
384-well plate, and each well with sample contained 5 uL SYBR Green Master Mix, 1 pLL
forward + reverse 10 uM primer mix, and 4 pL diluted cDNA. cDNA was then amplified
and measured under the following conditions: (1) 50 °C for 2 min, (2) 95 °C for 2 min,
(3)95°C for 15 s, (4) 60 °C for 1 min, (5) plate read, (6) go to (3) 39x, (7) 65 °C for 31 s,
(8) 65 °C for 5s + 0.5 °C/cycle Ramp 0.5 °C/s, (9) plate read, (10) go to 8) 60x. Relative
normalized expression was quantified in CFX Maestro (Bio-Rad) using the AACt method,
and RNA was normalized to GAPDH (see Table S1 for qPCR primer sequences).

2.6. Gel Electrophoresis

Prior to electrophoresis, cDNA was amplified by PCR using InPhusion Flash Hi-
Fidelity PCR Master Mix (Thermo Fisher Scientific). Each reaction mixture consisted of
10 pL Phusion Flash PCR Master Mix, 1 puL of 10uM forward primer, 1 pL of 10 pM reverse
primer, 6 uL nanopure H,O, and 2 uL. cDNA. cDNA was then amplified under the following
conditions: (1) 98 °C for 10s, (2) 98 °C for 15, (3) 65 °C for 5, (4) 72 °C for 15 s, (5) go to
(2) 29x, (6) 72 °C for 1 min, (7) 4 °C forever. Amplified cDNAs were then resolved on a
1% agarose gel at 80 V. After rocking gels for 10 min in a 1 x TAE bath containing ethidium
bromide, images were obtained using a Gel Doc XR + Molecular Imager (Bio-Rad). Figures
show representative samples of biological duplicates or triplicates.

2.7. Western Blotting

Cells harvested for Western blotting were grown in 6-well plates. Prior to harvest,
media was removed, and the cells were washed with PBS (Thermo Fisher Scientific). To
remove cells from the plate, cell scraping or trypsin (Thermo Fisher Scientific) was used.
When scraping cells, after PBS wash, 5 mL PBS were added per well while the 6-well
plate was on ice. Cells were scraped, and suspended cells were transferred to conical
centrifuge tubes kept on ice. A total of 5 mL of PBS were again added per well, and
scraping and transfer of suspensions to centrifuge tubes was repeated. The cells were then
centrifuged at ~1000 rpm, 4 °C for 5-10 min. PBS was then removed, and the cells were
either lysed immediately or stored at —80 °C until lysis. When removing cells from 6-well
plates with trypsin, 1 mL trypsin was added per well after washing with PBS. Cells were
incubated at 37 °C, 5% CO, for 2-5 min until they no longer adhered to the plate(s), and
the suspensions were then transferred to conical centrifuge tubes and were centrifuged at
~1000 rpm, 4 °C for ~5 min. Trypsin was removed, and cell pellets were resuspended in
chilled PBS (10 mL/cell pellet). Resuspensions were centrifuged at ~1000 rpm, 4 °C for
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5-10 min, and PBS was removed. Cells were either lysed immediately or stored at —80 °C
until lysis. Cells were lysed with radioimmunoprecipitation buffer (RIPA; 10 mM Tris HCI
(pH 8.0), 1 mM EDTA, 0.5 mM EGTA, 1% Triton X-100, 0.1% sodium deoxycholate, 0.1%
SDS, 140 mM NaCl) containing Halt Protease Inhibitor Cocktail (Thermo Fisher Scientific).

Lysates were either used immediately or stored at —80 °C. Total protein concentrations
in lysates were then measured with a BCA assay (Thermo Fisher Scientific) and diluted
accordingly with RIPA to reach as equal concentrations as possible. Proteins were then
resolved by denaturing polyacrylamide gel electrophoresis using Tris-Glycine SDS Running
Buffer (25 mM Tris Base, 192 mM Glycine, 0.1% SDS) and 8% acrylamide Tris-Glycine pre-
cast gels (NuSep, Germantown, MD, USA). Proteins were transferred from the gel to PVDF
membrane (MilliporeSigma, Burlington, MA, USA) at 30 V for 960 min in transfer buffer
(25 mM Tris base, 0.19 M glycine, 20% methanol). Membranes were blocked with non-fat
milk (5% w/v non-fat dry milk in TBST) at room temperature for 1 h and subsequently
washed with Tris-buffered saline Tween-20 (TBST; 20 mM Tris-HCl pH 7.5, 0.15 M NaCl,
0.1% Tween-20) 3 times, 5 min each time. Incubation in 1° antibodies was then performed
at room temperature for 2 h or 4 °C overnight. TBST washes were again performed 3 times,
5 min each time, and the membrane was incubated with horseradish peroxidase (HRP)
2° antibodies at room temperature for 1 h. After washing with TBST 3 times, 10 min each
time, membranes were incubated in visualization solution (Solution A: 100 mM Tris-HCl
pH 8.5, 2.5 mM luminol, 0.396 mM coumaric acid + Solution B: 100 mM Tris-HCI pH 8.5,
0.0192% H,0,) and visualized on an Image Reader LAS-3000 (FujiFilm, Greenwood, SC,
USA). When visualizing proteins specific to more than one 1° antibody, the membrane
was severed at a molecular weight distinguishing the two proteins and incubated sepa-
rately with distinct 1° antibodies. The 1° antibodies used were rat anti-p100/p52, mouse
anti-IkBx, mouse anti-3-tubulin, and mouse anti-GAPDH and were all purchased from
BioLegend. The 2° antibodies used were HRP goat anti-rat IgG (BioLegend) and HRP goat
anti-mouse IgG (Sigma-Aldrich, St. Louis, MO, USA). Where applicable, band intensities
were quantified by Image] software [76]. See Table S2 for ratios of antibody/blocking
solution used. Figures show representative samples of biological duplicates.

2.8. Statistical Analysis

All experiments were replicated in biological duplicate or triplicate. Western blots
shown are representative examples of duplicated or triplicated experiments. Statistically
significant differences in the quantitative RT-PCR data were determined using a two-tailed
unpaired Student’s t-test in GraphPad Prism 8. Error bars are reported as standard error of
the mean

3. Results
3.1. The Noncanonical NFxB Pathway Is Activated Early in RVFV (MP12) Infection

As described above, alternative splicing of RIOK3 mRNA is observed upon RVFV
infection. Moreover, the suppression of IFN expression and enhanced expression of a
subset of inflammatory cytokines is observed when alternatively spliced RIOK3 mRNA is
expressed [70,73]. Suppression of IFN and enhanced expression of certain inflammatory
cytokines are also characteristics of activation of the NFkB noncanonical pathway [33].
Therefore, we sought to determine whether the noncanonical NF«B pathway is activated
during RVFV infection and whether alternative splicing of RIOK3 mRNA has a role in
this pathway. First, to specifically determine whether infection with RVFV (strain MP12)
activated the noncanonical NF«kB pathway, we measured expression of genes that are
indicative of this pathway:.

Since CXCL13 and CCL19 have been shown to be transcribed specifically during
activation of the noncanonical NF«kB pathway [48], mRNAs of these chemokines were
measured at multiple timepoints following RVFV MP12 infection. HEK 293 cells were
infected with MP12 at an MOI of 2, and cells were harvested at 6, 12, 18, 24, and 30 h
post-infection (h.p.i.). CXCL13 and CCL19 mRNAs at these times were then measured
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by RT-qPCR, and throughout RVFV MP12 infection, relative expression (normalized to
GAPDH) of these chemokines continued to increase, suggesting progressive activation of
the noncanonical NF«B pathway (Figure 2a,b). Intriguingly, relative expression of NIK
and p100 also increased throughout infection, and importantly, there was a statistically
significant increase in p100 expression as early as 6 h.p.i. (Figure 2c,d). The same increase in
relative expression of CXCL13, CCL19, NIK, and p100 was not observed in mock infected
cells harvested at the same time points, and relative expression of CXCL13, CCL19, NIK,
and p100 did not change significantly from 0 to 30 h in these cells (Figure S1). Furthermore,
in HepG2 cells, relative normalized expression of CXCL13, NIK, and p100 also increased
significantly in RVFV-MP12-infected cells, and although the difference in relative expression
of CCL19 between infected and mock infected cells did not rise to statistical significance,
CCL19 expression was reproducibly elevated in RVFV-MP12-infected cells (Figure S2).
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Figure 2. The noncanonical NF«kB pathway is activated during RVFV MP12 infection. RVFV-infected
cells were lysed at the times post-infection indicated, and mRNAs of the noncanonical NFkB pathway
genes (a) CXCL13, (b) CCL19, (c) NIK, and (d) p100 were quantified by RT-qPCR, normalized to
GAPDH mRNA levels. Plots are representative of the data as the mean value of 3 biological replicates
+/— SEM. Student’s t-test: ** p < 0.01.

Processing of p100 to p52 is a key step in activation of the noncanonical NF«B pathway.
p100 inhibits RelB from translocating to the nucleus and thereby inhibits transcription
of noncanonical NF«kB genes, but when p100 is processed to p52 the RelB/p52 dimer is
favored to enter the nucleus for transcription of noncanonical NFkB genes [32,77]. Notably,
constitutive processing of p100 in most cell types is lacking, thereby limiting and strictly
regulating activation of the noncanonical NF«B pathway. For example, in most cells, p100
predominates largely over p52, and when p100 is overexpressed it is scarcely converted
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to p52. Therefore, any noticeable increase in p52 protein levels is strongly indicative of
activation of the noncanonical NF«kB pathway [47,78]. To assess p100 processing, protein
levels of p52 were measured during RVFV MP12 infection by Western blotting. HEK 293
cells were infected with MP12 for 6 and 24 h, and p52 levels were then visualized using an
antibody that recognizes both p100 and its proteolytic product, p52. Levels of p52 appear
to increase as early 6 h.p.i. and remain increased at 24 h.p.i., suggesting processing of p100
to p52 indeed occurs early following RVFV MP12 infection (Figure 3a). Quantification of
band intensity further supports these results (Figure S3a).
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Figure 3. Activation of the noncanonical NF«B precedes activation of the canonical NF«kB pathway
during RVFV MP12 infection. Activation of the noncanonical pathway was assessed by (a) measuring
p100 processing, and activation of the canonical pathway was assessed by (b) measuring degradation
of IkBa via Western blotting. Activation of the canonical pathway was also measured, via RT-
qPCR, by (c) assessing relative mRNA expression of IkBa normalized to GAPDH. Images in (a,b)
are representative samples of biological duplicates. Furthermore, p52 levels were also assessed by
Western blotting with the same samples shown in (b), and quantification of band intensities is shown
in Figure S3b. In these samples, p52 is increased at 6 h.p.i. and is further increased at 30 h.p.i. The
plot shown in (c) presents the data as the mean value of 3 biological replicates +/— SEM. Student’s
t-test: ** p < 0.01.
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Activation of the canonical NF«kB pathway during RVFV MP12 infection was also
assessed by measuring protein levels of IkBa during infection. Since IkBo protein inhibits
transcriptional activity of canonical NFkB dimers, IkBa is expected to decrease with activa-
tion of the canonical pathway. Therefore, similar to the appearance of p52 being a hallmark
of activation of the noncanonical pathway, decreased IkBe is indicative of activation of the
canonical pathway [59-61]. IkBa protein level was probed via Western blotting at 6 and
30 h.p.i., and intriguingly, in MP12-infected HEK 293 cells, a decrease in IkBo protein is not
observed at 6 h.p.i. but is at 30 h.p.i., suggesting the canonical NF«kB pathway is activated
after the noncanonical pathway (Figure 3b). Normally, induction of the noncanonical
pathway is delayed and activated after the canonical pathway [32,33]. Early activation of
the noncanonical pathway and delayed onset of the canonical pathway was also observed
in RVFV-MP12-infected HepG2 cells, in which degradation of IkBax was not observed at
6 h.p.i., but accumulation of p52 was observed (Figure S4).

Although IkBx protein level decreases with activation of the canonical NF«kB pathway,
IxkB mRNA has been shown to increase with activation of the canonical pathway, thereby
contributing to the oscillatory nature of this pathway [79]. Therefore, IkBoe mRNA was
also measured by RT-qPCR throughout infection of HEK 293 cells with MP12, and it did
not increase considerably above baseline until 12 h.p.i. (Figure 3c). Since p100 mRNA
expression is significantly elevated by 6 h.p.i. and p52 was also shown to appear by this
time, yet IkBoe mRNA was not significantly elevated until 12 h.p.i., these data show that
p100 processing (and thereby activation of the noncanonical pathway) precedes activation
of the canonical pathway during RVFV MP12 infection. Collectively, these results suggest
the noncanonical NFkB pathway is activated early in RVFV MP12 infection and even before
the canonical NFkB pathway, implying the noncanonical pathway, and specifically p100
processing, may be co-opted by RVFV as a means to subvert the antiviral IFN response.

3.2. Alternative Splicing of RIOK3 Correlates with Activation of the Noncanonical NFxB Pathway

Our laboratory has shown alternative splicing of the atypical kinase RIOK3 occurs
throughout RVFV infection [70,80]. Furthermore, alternative splicing of RIOK3 per se
results in a diminished IFN response and elevated NFkB-mediated inflammatory response
in epithelial cells [73], which are also characteristics of activation of the noncanonical NFkB
pathway. It is notable that expression of the RVFV virulence factor NSs inhibits expression
of IFN [81,82]. However, the isoform of RIOK3 expressed from the alternatively spliced
mRNA can itself inhibit expression of IFN in the absence of NSs [73]. Furthermore, as
shown above, activation of the noncanonical pathway occurs early in RVEV MP12 infection.
Therefore, we sought to determine whether alternative splicing of RIOK3 is a programmed
event during general activation of the noncanonical NF«kB pathway.

To assess alternative splicing of RIOK3 as a function of activation of the noncanonical
NFkB pathway, cDNA of RIOK3 mRNA was amplified by RT-PCR between exons 5 and
10, allowing up to three bands to be visualized in an agarose gel (Figure 4). The slowest
migrating band corresponds to full-length canonically spliced RIOK3 mRNA; the middle
band corresponds to mRNA of RIOK3's principal alternatively spliced isoform, RIOK3
X2, which lacks part of exon 8, and the fastest migrating band corresponds to mRNA of a
RIOK3 X1/X2 hybrid that lacks all of exon 7 and part of exon 8. Notably, the alternatively
spliced mRNAs contain a premature stop codon that would yield a truncated protein
after translation.

44



Viruses 2023, 15, 1566

1000 bp

700 bp

500 bp
400 bp

No LIGHT
Ladder LIGHT 6 h.

1000 bp

- eow
® B RIOK3 X2

700 bp -

500 bp
400 bp

@)

No TNFae

Ladder TNFa 4h.

e d

' I._.,'uk..ti

©

Ladder No LIGHT LIGHT 6 h. LIGHT 24 h.

LIGHT
24 h.

. . p52

48 KDa
. Full-Length RIOK3

— W e o

© RIOKS3 X1/X2 Hybrid

o -

b)

Ladder No TNFa TNFa 4 h. TNFa 24 h. TNFa 52 h.

TNFa .
lskbn.
W Full-Length RIOK3
™ ww gl W
35kDa

RIOK3 X2
RIOK3 X1/X2 Hybrid
@)

Figure 4. Alternative splicing of RIOK3 occurs specifically during activation of the noncanonical
NFkB pathway. At 0, 6, and 24 h post-LIGHT treatment, (a) alternative splicing of RIOK3 and
(b) activation of the noncanonical pathway were assessed. RIOK3 alternative splicing was assessed
by RT-PCR and gel electrophoresis, and activation of the noncanonical pathway was shown through
probing for p52 via Western blotting. At 0, 4, 24, and 52 h post-TNF« treatment, (c) alternative
splicing of RIOK3 and (b) activation of the noncanonical pathway were also assessed in the same
manner as in (a,b). Images in (a-d) show representative samples of biological duplicates or triplicates.

To examine the kinetics of RIOK3 mRNA splicing upon NF«kB pathway activation,
HEK 293 cells were treated with the noncanonical NFkB pathway agonist LIGHT for 6 and
24 h, and alternative splicing of RIOK3 was assessed as mentioned above. With LIGHT
treatment, alternative splicing of RIOK3 was observed by 6 h and appeared to increase up to
24 h after LIGHT treatment (Figure 4a). This correlated with p100 processing, as indicated
by an increase in p52 levels (Figure 4b). However, when treating HEK 293 cells with TNF«,
which immediately activates the canonical NF«B pathway, alternative splicing of RIOK3
was not observed between 4 and 24 h post-TNF« treatment, suggesting alternative splicing
is not programmed into activation of the canonical NF«B pathway (Figure S5).

Since the noncanonical NF«kB pathway is known to also become activated follow-
ing TNF« treatment but normally has delayed kinetics compared to the canonical path-
way [32,33], we also assessed alternative splicing of RIOK3 at later times post-TNF«
treatment. By 52 h post-TNF« treatment, alternative splicing of RIOK3 was observed
(Figure 4c). The kinetics of appearance of RIOK3 alternative splicing corresponded with
increased p52 levels, which appear to begin to increase at 24 h and become abundant by
52 h post-TNFa treatment (Figure 4d). These results suggest alternative splicing of RIOK3
might occur upon activation of the noncanonical NF«kB pathway but not during activation
of the canonical NF«B pathway.

Our laboratory recently showed that the splicing factor TRA23 plays an important role
in RIOKS3 splicing patterns. In fact, RIOK3 expression levels are governed by alternative
splicing of TRA23 mRNA. TRA2[3 was shown to be important for canonical splicing of
RIOK3 mRNA to full-length RIOK3 [80]. However, when TRA2f is alternatively spliced to
incorporate a poison exon, nonfunctional mRNA isoforms of TRA2{3 with higher molec-
ular weights are produced and rapidly degraded by nonsense-mediated decay [83,84].
Reduction in TRA23 was shown to result in alternative splicing of RIOK3 to RIOK3 X2 [80].
Therefore, TRA2(3 mRNA processing was also probed during LIGHT or TNF« treatment.
During LIGHT treatment, TRA2{3 nonfunctional isoforms were observed 6 and 24 h post-
treatment. During TNF« treatment, TRA2 nonfunctional isoforms are also observed by
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52 h post-treatment (Figure 5a,b). These results corroborate our finding that alternative
splicing of RIOK3 may in fact be part of the noncanonical NF«B response.
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Figure 5. Alternative splicing of TRA2f3 to include a poison exon and produce nonfunctional isoforms
also occurs specifically during activation of the noncanonical NF«B pathway. Alternative splicing of
TRA2[3 was assessed during (a) LIGHT and (b) TNF« treatment using RT-PCR and gel electrophoresis.
Images in (a,b) show representative samples of biological duplicates or triplicate.

3.3. Expression of RIOK3 X2 during RVFV (MP12) Infection Increases p100 Expression and
Decreases IFNP Expression

Since alternative splicing of RIOK3 occurs during RVFV infection and the splicing
shift appears concurrently with activation of the noncanonical NF«kB pathway, we then
investigated whether RIOK3's alternatively spliced isoform, RIOK3 X2, has a direct effect
on innate immune responses during RVFV MP12 infection.

To test this, RIOK3 X2 was overexpressed via transfection of an expression plasmid
harboring the open reading frame for RIOK3 X2 in HEK 293 cells, and the cells were
subsequently infected with RVFV MP12 at an MOI ~2. RT-qPCR was then used to quantify
relative normalized expression of noncanonical NFkB genes CXCL13, CCL19, NIK, and
p100. No differences in CXCL13 and CCL19 relative expression were observed, and
although expression of NIK was elevated in infected cells transfected with RIOK3 X2
compared to infected cells transfected with an empty vector (EV) control plasmid, the
increase was not statistically significant (Figure S6). However, there was a statistically
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significant elevation in relative expression of p100 in infected cells overexpressing RIOK3
X2, suggesting RIOK3 X2 expression enhances p100 expression and thus likely fuels the
noncanonical NFkB pathway (Figure 6a).
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Figure 6. Overexpression of RIOK3 X2 in RVFV-MP12-infected cells results in increased p100 expres-
sion, decreased IFNf3 expression, and increased RVFV MP12 TCID50/mL. Relative expression of
(a) p100 and (b) IFN were measured by RT-qPCR, normalizing to GAPDH mRNA. TCID50/mL
values were obtained from TCID50 assays using Vero 76 cells. In (a—c), HEK 293 cells were transfected
with EV control plasmid or RIOK3 X2 for 24 h and subsequently infected with RVFV MP12 for
30 h. Plots present the data as the mean value of 3 biological replicates +/— SEM. Student’s t-test:
**p<0.01.

Furthermore, to assess whether RIOK3 X2's engagement of the noncanonical NFkB
pathway during RVFV MP12 infection affects the IFN response, relative expression of IFNf3
was also measured in MP12-infected HEK 293 cells overexpressing RIOK3 X2. Compared to
infected cells transfected with control plasmid, there was a statistically significant decrease
in IFNf expression in infected cells overexpressing RIOK3 X2 (Figure 6b). Again, although
it is known that RVFV NSs protein can suppress IFN expression, this experiment examined
the effect of exogenous expression of RIOK3 X2 among parallel sets of RVFV-MP12-infected
cells. Therefore, we conclude that overexpression of RIOK3 X2 during RVFV MP12 infection
elevates p100 expression with a concomitant decrease in IFNf3 expression.

Lastly, to directly determine whether the effects of RIOK3 X2 on innate immune re-
sponses could be beneficial for RVFV propagation in cell culture, virus titers in supernatants
of MP12-infected HEK 293 cells transfected with RIOK3 X2 or MP12-infected HEK 293 cells
transfected with control plasmids were quantified by TCID50 assays. TCID50/mL was
~2 logs higher in supernatant from infected cells overexpressing RIOK3 X2 compared to
that of controls (Figure 6c). Therefore, expression of RIOK3 X2 during RVFV MP12 infec-
tion could be beneficial for the virus, and this might be due, at least in part, to RIOK3 X2
engaging the noncanonical NFkB pathway through supplementing the p100 pool in the
infected cell and thereby diminishing the cell’s type 1 IFN response.

4. Discussion

A hallmark of the noncanonical NF«B pathway is the appearance of p52, the prote-
olytically processed subunit of p100. Cellular expression of p52 is exquisitely under tight
regulation by the cell, and even small changes in its steady-state levels are associated with
activation or suppression of the noncanonical pathway [47,78]. When complexed with
RelB, p52 plays a large role in disrupting the type 1 IFN response by competing with the
canonical NF«B dimer for the kB binding site of the IFN promoter [38]. Here, we show
alternative splicing of RIOK3 coincides with enhanced expression of p52’s precursor, p100.
Notably, alternative splicing of RIOK3 occurs concurrently with activation of the noncanon-
ical NFkB pathway, and although it is possible that alternative splicing of RIOK3 may be
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initiated by activation or inhibition of a pathway associated with both TNFx and LIGHT
treatments, results here demonstrate alternative splicing of RIOKS3 is likely associated with
the noncanonical NF«kB pathway. Moreover, since overexpression of RIOK3 X2 results in
decreased IFN{3 expression and increased p100 expression, these results are also consistent
with previous results [38] showing that the noncanonical NFkB pathway has an inhibitory
effect on the IFN pathway. The link between the NF«B noncanonical pathway and IFN
restriction is further emphasized by our finding that increased p100 protein during RVFV
MP12 infection is processed to p52.

Since the noncanonical NF«kB pathway has an inhibitory effect on the antiviral IFN
response, exploiting and co-opting this pathway was proposed to be advantageous for some
viruses [34,36,37]. Our results indicate that activation of the noncanonical NF«kB pathway
occurs early and before activation of the canonical NF«kB pathway during REVF MP12
infection, which would not be expected if the activation of the noncanonical pathway we
observe was simply part of a coordinated innate immune response to the virus. That is, in a
typical cellular innate immune response to viral infection, activation of noncanonical NF«B
pathway would be expected to occur significantly later than activation of the canonical
pathway. Furthermore, elevated infectious particles observed in RIOK3 X2 overexpressing
cells that were shown to have elevated p100 expression further suggest the supportive role
this pathway could have in RVFV replication and spread.

Here, we add RVFV to the short list of viruses that use this unusual strategy to enhance
their success. Furthermore, we demonstrate that alternative splicing of key genes is instru-
mental in co-opting the noncanonical NFkB pathway during RVFV infection. Exactly how
alternative splicing of RIOKS3 is involved in the cell’s activation of the noncanonical NFxB
pathway and how RIOK3 X2 expression results in increased expression of p100 will need
to be addressed in future studies. However, one potential mechanism for how RIOK3 X2
might be able to increase p100 expression could be through RIOK3 X2 mediating crosstalk
between the canonical and noncanonical pathways. Full-length RIOK3 has been shown
to inhibit the canonical NFkB pathway [85,86], while expression of RIOK3 X2 correlates
with stimulation of this pathway [73]. Therefore, the increased expression of p100 observed
here with overexpression of RIOK3 X2 could be a result of activating the canonical NF«B
p50:RelA dimer to enter the nucleus to stimulate transcription of p100, which is needed for
continued processing of p100 into p52. This would be supported by the finding that p100
expression depends on p50:RelA [65].

It is still unclear whether alternative splicing of RIOK3 alone can activate the non-
canonical NF«kB pathway or whether RIOKS3 alternative splicing occurs downstream of
the initial activation of this pathway. Here, we observed alternative splicing of RIOK3
after p52 begins to appear at 24 h post-TNFa treatment, so it is possible that alternative
splicing of RIOK3 occurs after the initial activation of the noncanonical pathway. Moreover,
alternative splicing in general has been shown to be important for regulating both canonical
and noncanonical NF«kB pathways [87,88], and intriguingly, it has also been found to be
linked to dysregulation of NFkB-mediated immune responses during viral infection [89].
Therefore, further understanding of the onset of alternative splicing of RIOK3 during
activation of the noncanonical NF«B pathway could be important for both understanding
how innate immune responses are regulated and how they can be dysregulated during
viral infection and other disease states.

The present findings help illuminate how cellular innate immune pathways can be
targeted and co-opted for viral success (Figure 7). We show the noncanonical NF«B pathway
is one innate immune pathway in particular that likely can be exploited by viruses such
as RVFV to diminish the potent antiviral IFN response. Notably, alternative splicing of
RIOKS3, and likely other mRNAs, is an important event that facilitates the switch toward
the noncanonical NF«B pathway to mitigate the IFN response. A deeper understanding
of viral strategies to undermine cellular defenses could lead to new antiviral therapeutic
strategies to combat infections in people and livestock.
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Figure 7. Alternative splicing of RIOK3 replenishes the p100 pool in the cell during RVFV MP12
infection, allowing continuous processing of p100 to p52 during infection.
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Abstract: The highly pathogenic porcine reproductive and respiratory syndrome virus (HP-PRRSV)
often causes secondary bacterial infection in piglets, resulting in inflammatory lung injury and
leading to high mortality rates and significant economic losses in the pig industry. Microvascular
endothelial cells (MVECs) play a crucial role in the inflammatory response. Previous studies have
shown that HP-PRRSV can infect porcine pulmonary MVECs and damage the endothelial glycocalyx.
To further understand the role of pulmonary MVECs in the pathogenesis of HP-PRRSV and its
secondary bacterial infection, in this study, cultured porcine pulmonary MVECs were stimulated with
a HP-PRRSV HN strain and lipopolysaccharide (LPS). The changes in gene expression profiles were
analyzed through transcriptome sequencing, and the differentially expressed genes were verified
using qRT-PCR, Western blot, and ELISA. Furthermore, the effects on endothelial barrier function
and regulation of neutrophil trans-endothelial migration were detected using the Transwell model.
HP-PRRSV primarily induced differential expression of numerous genes associated with immune
response, including IFIT2, IFIT3, VCAM1, ITGB4, and CCL5, whereas LPS triggered an inflammatory
response involving IL6, IL16, CXCL8, CXCL14, and ITGA7. Compared to the individual effect of LPS,
when given after HN-induced stimulation, it caused a greater number of changes in inflammatory
molecules, such as VCAM]I, IL1A, IL6, IL16, IL17D, CCL5, ITGAYV, IGTBS8, and TNFAIP3A, a more
significant reduction in transendothelial electrical resistance, and higher increase in neutrophil
transendothelial migration. In summary, these results suggest a synergistic effect of HP-PRRSV and
LPS on the inflammatory response of porcine pulmonary MVECs. This study provides insights
into the mechanism of severe lung injury caused by secondary bacterial infection following HP-
PRRSV infection from the perspective of MVECs, emphasizing the vital role of pulmonary MVECs in
HP-PRRSV infection.

Keywords: porcine reproductive and respiratory syndrome virus; secondary infection; lipopolysaccharide;
microvascular endothelial cells; inflammation; endothelial barrier; transendothelial cell migration

1. Introduction

Porcine reproductive and respiratory syndrome virus (PRRSV) is an enveloped,
positive-sense RNA virus belonging to the family Arteriviridae [1]. The virus has un-
dergone rapid genetic evolution, and in 2006, a highly pathogenic strain of PRRSV (HP-
PRRSV) emerged in Jiangxi Province, China [2]. HP-PRRSV is characterized by more severe
symptoms, higher morbidity, and increased mortality compared to PRRSV [3]. Notably,
HP-PRRSV-infected pigs are often complicated by secondary bacterial infections, which
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are believed to contribute to the occurrence of severe clinical symptoms and patholog-
ical damage such as high fever and acute lung injury. Gram-negative bacteria, such as
Escherichia coli, Haemophilus parasuis, Vibrio cholerae, Bacillus bronchisepticum, and Pasteurella
multocida, frequently cause secondary infections of HP-PRRSV and can release high con-
centrations of lipopolysaccharide (LPS) in the piglet lungs [4,5], and even exist in dust
within pig barns at various concentrations [6]. Qiao et al. investigated the secretion of
pro-inflammatory cytokines in pulmonary alveolar macrophages (PAMs) stimulated with
HP-PRRSV and LPS. Their results showed that HP-PRRSV induced the secretion of inflam-
matory cytokines, such as IL-1f3 and TNF-«, and the additional presence of LPS further
increased their secretion. Moreover, the increase in cytokine secretion was more significant
with a stronger virulent PRRSV strain [7]. Similarly, when pigs were inoculated with LPS
and PRRSV in the trachea, they exhibited more severe respiratory symptoms compared to
those inoculated with PRRSV alone [8].

Although PAMs are considered the main target cells for PRRSV and play a crucial role
in maintaining lung homeostasis and defense, they alone cannot fully explain the pathogen-
esis of PRRSV. The lung, as a highly vascularized organ, contains massive microvascular
endothelial cells (MVECs), which not only serve as the physical basis for gas-blood ex-
change but also act as a barrier against pathogens circulating through the bloodstream to
reach the lungs or disseminate from the lung tissue to the rest of the body. Furthermore,
MVEC:s can interact with lung resident cells, such as PAMs, and then regulate the recruit-
ment and exudation of neutrophils and other immune cells. Consequently, MVECs are a
key control point in various pathological changes, such as inflammation and fever [9], and
their involvement in the pathogenesis of many viruses and bacterial toxins has been well
documented [10,11].

Previous studies in our laboratory have shown that porcine pulmonary MVECs are
susceptible to HP-PRRSV [12], and that HP-PRRSV infection damages the structure and
function of the endothelial surface glycocalyx [13]. Additionally, MVECs exhibit a certain
non-specific immune response to HP-PRRSV infection [14]. However, the functional
changes in porcine pulmonary MVECs during secondary bacterial infection following
HP-PRRSV infection remain unclear.

This experiment aimed to further understand the role of MVECs in severe lung injury
caused by HP-PRRSV-mediated secondary bacterial infection. Porcine pulmonary MVECs
were cultured in vitro and stimulated with HP-PRRSV HN strain and /or LPS. We analyzed
the differential gene expression using transcriptome sequencing technology and validated
the differential expression of partial inflammatory molecules at the mRNA and protein
levels. We also examined changes in endothelial barrier function and the transendothelial
migration (TEM) of neutrophils using the Transwell model. The results of this study
explain the severe inflammatory damage in the lung caused by HP-PRRSV-mediated
secondary bacterial infection and consolidate the key role of porcine pulmonary MVECs in
the pathogenesis of HP-PRRSV.

2. Materials and Methods
2.1. Virus

The HP-PRRSV HN strain used in the experiment was generously donated by
Dr. Zhanzhong Zhao from the Beijing Institute of Animal Husbandry and Veterinary
Medicine, Chinese Academy of Agricultural Sciences. The virus was cultured and prop-
agated with Marc-145 cells, and its titer was determined to be 107633 TCIDs,/0.1 mL.
Normal Marc-145 cells were treated using the same method and the cell lysate was collected
as a control. Both the virus lysate and the control lysate were stored at —80 °C.

2.2. Cells

Porcine pulmonary MVECs were isolated from approximately 15-day-old SPF British
Large White pigs (purchased from Beijing SPF Pig Breeding Management Center). All
procedures were approved by the Animal Protection Committee of Beijing Agricultural
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University (No. BUA_ZT2022012) and performed according to the previous method with
some modifications [15]. Briefly, the lung edge tissue was taken, minced after removal
of the pleura, digested with 0.2% type II collagenase solution (Worthington, LS004176,
Lakewood, NJ, USA), and dissociated into a single cell suspension, which was plated and
incubated. The primary culture was preliminarily purified using the differential attachment
method. Then, CD31-positive cells were separated using a high-throughput magnetic bead
sorter (Thermo Fisher Scientific, Vantaa, Finland), and the purified MVECs were cultured in
endothelial medium (M&C gene technology, L2305005, Beijing, China) containing 5% serum
(Aoqing Biotech, AQmv09900, Beijing, China) and 0.25% ECGS (M&C gene technology,
CC019, Beijing, China). Immunofluorescence staining for factor VIII was carried out for
further identification, and cells from passage 3-5 were used for experiments.

Neutrophils were isolated from the peripheral blood of adult pigs obtained from the
Beijing Fifth Meat Joint Processing Plant using the Neutrophil Isolation Kit (Solarbio, P4140,
Beijing, China) following the provided instructions. The isolated neutrophils were adjusted
to a density of 1 x 108 cells/mL, stored at —80 °C, and used within one month. Neutrophils
were recovered and resuspended in RPMI 1640 medium (Aoging Biotech, AQ11875, Beijing,
China) containing 5% serum at 1 x 108 cells/mL, and cell viability was determined by
staining with trypan blue solution (Solarbio, T8070, Beijing, China) before being used
for experiments.

2.3. Transcriptome Sequencing

Porcine pulmonary MVECs grown to confluence in 10 cm Petri dishes were divided
into four groups: control group, PRRSV group, LPS group, and PRRSV-LPS group, and
each group had three replicates. In the PRRSV group and PRRSV-LPS group, cells were
exposed to 3 mL of HP-PRRSV HN lysate for 1 h, and the control group and the LPS group
were exposed to an equal amount of the control lysate for 1 h. After washing with D-Hank’s
solution and incubated in a maintenance medium containing 2% serum for 36 h, the LPS
group and the PRRSV-LPS group were treated with LPS at a final concentration of 5 ug/mL
(Solarbio, L8880, Beijing, China), and the other two groups were treated with an equal
volume of maintenance medium. Over another 24 h incubation, total cellular RNA was
extracted from each group. Transcriptome sequencing analysis was carried out by Wekemo
Tech Group Co., Ltd. (Shenzhen, China)and the procedure is briefly described as follows.

The RNA concentration and integrity were determined using Nanodrop and an Agi-
lent 2100 bioanalyzer, and enriched using magnetic beads connected with oligo-thymine
to capture the polyadenylated tail. The enriched mRNA was then fragmented randomly
using divalent cations in NEB Fragmentation Buffer, followed by NEB general library
construction. The library was preliminarily quantified using a Qubit 2.0 Fluorometer, and
the fragment length was assessed using an Agilent 2100 bioanalyzer. Accurate quantifi-
cation of the library’s effective concentration was performed using qRT-PCR to ensure
a concentration higher than 2 nM. High-throughput sequencing was carried out using
the Illumina system. After filtering the raw data, the sequences were aligned to the pig
genome “https:/ /ftp.ncbi.nlm.nih.gov/genomes/all/GCF/000/003/025/GCF_000003025.
6_Sscrofall.1/GCF_000003025.6_Sscrofall.l_genomic.fna.gz (accessed on 4 January 2022)”
using HISAT2 software. The aligned sequences were then assembled and quantified using
String Tie. To identify differentially expressed genes, the threshold criteria of Fold Change
> 1.5 and adjusted p-value (Padj) < 0.05 were applied. Functional enrichment analysis of the
differentially expressed gene sets was performed using GO functional enrichment analysis
and KEGG pathway enrichment analysis with cluster Profiler 3.14.3 software.

2.4. Primer Design and qRT-PCR

To validate the results from RNA sequencing, qRT-PCR was performed to detect the
expression of eight differentially expressed genes related to the inflammatory response.
The primer sequences were obtained from the data on the “https://www.ncbi.nlm.nih.gov
(accessed on 1 June 2022)”website (Table 1) and were synthesized by Sangon Biotech
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(Shanghai) Co., Ltd. The total cellular RNA extracted in Section 2.3 was reverse-transcribed
into cDNA with a cDNA synthesis kit (Tsingke, TSK301, Beijing, China). The total reaction
system was 20 pL, including 2 pL. cDNA, 2 uL 10 M primer F/R, 10 uL 2 x Mix, and 6 pL
ddH,0. According to the instructions of SYBR™ Green Master Mix (Applied Biosystems™,
00791640, Carlsbad, CA, USA) and the Tm value of the primers, the reaction program was
set as follows: pre-denaturation at 95 °C for 2 min, denaturation at 95 °C for 15 s, annealing
at 60 °C for 15 s, extension at 72 °C for 1 min, and a total of 40 cycles. The relative
quantification of gene expression was performed using the 222t method.

Table 1. Gene primer sequence for qRT-PCR detection.

Genes Primer Sequences (5'-3')

F: AAC CTG GAT GAG GCA GTG AAA
R: AGC ACT CAC AAA CAG TCG GG
F: AAT ACG CAT TCC ACACCTTT

IL1A

CXCLs R: TGT TGT TGT TGC TTC TCA GT
F: ACT GGG CCA AAG TGA AGA AAA C
ITGBS8 R: ATC CTC TTG AGC ACA CCA TCC
F: CAG CGC GTC TTC GAT GTT TC
IrGAav R: CCG GTG AGA AGA CCA GTC AC
F: ACG CTT GAC GTG AAA GGA AG
veaMl R: CAC CCC GAT GGC AGG TAT TA
F: CAT GGC AGC AGT CGT CTT TAT C
CCL5 R: AAG TTT GCA CGA GTT CAG GC
F: ATC CGA CCC CTA CCG TGA C
TNEAIP3 R: GGT GCT CTA CAA GGC CTC TC
F: GAT GCT AAA CAA GAG CAG TGC C
CXCL2 R: CCC AGG GGC TAT TTG CTT CTC
2.5. ELISA

Porcine pulmonary MVECs were divided into groups as described in Section 2.3
and treated with the virus lysate or the control lysate. After incubation in a maintenance
medium for 36 h and 60 h, the LPS group and the PRRSV-LPS group were exposed to LPS
at a final concentration of 5 pg/mL for 12 h. The culture supernatant was collected from
each group and stored at —80 °C for ELISA detection. Total protein was extracted using
RIPA lysate (Beyotime, PO013B, Shanghai, China) for Western blot detection.

The frozen cell supernatants were thawed and centrifuged at 12,000 rpm for 20 min.
The supernatants were used to measure IL-1 and IL-8 according to the kit instructions
(RayBiotech, ELP-IL1a-1, ELP-IL8-1, Atlanta, GA, USA).

2.6. Western Blot

The protein samples were separated using SDS-PAGE (Beyotime, PO012AC, Shanghai,
China). The stacking gel was run at 70 V, and the separating gel at 120 V. The proteins were
transferred to a PVDF membrane (Merk Milipore, IPVH00010, MA, USA) at a constant
voltage of 110 V for 80 min. After blocking with 5% skimmed milk solution (Beyotime,
P0216, Shanghai, China) for 1 h, the membrane was incubated with 3-actin antibody
(Proteintech, 66009, Rosemont, IL, USA) at 1:20000 dilution and VCAM-1 antibody (Santa
Cruz, sc-18864, Dallas, TX, USA) at a 1:1000 dilution overnight at 4 °C. After washing,
a secondary antibody solution at a 1:20,000 dilution was added and incubated at room
temperature for 2 h. Finally, a chemiluminescence kit (Beyotime, P0018S, Shanghai, China)
was used to visualize the protein bands using a gel imaging instrument (Tanon, Tanon-5200,
Shanghai, China).

2.7. Transendothelial Electrical Resistance (TEER)

To assess the impact of PRRSV-LPS stimulation on the barrier function of MVECs, cells
were seeded in the insert of the Transwell culture system (Biofil, TCS004024, Guangzhou,
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China). TEER was measured using a Millicell-ERS endothelial resistance instrument (Mili-
pore, MERS00002, MA, USA). After the resistance stabilized, MVECs were divided into
groups and treated as described in Section 2.3. At 0, 36, 48, 60, 72, and 96 h post-infection
with the HP-PRRSV HN strain, the resistance values were measured, respectively. TEER
was calculated according to the following formula.

Teer (Q)-cm?) = Resistance value x Transwell membrane area

2.8. TEM Assay

MVECs were seeded in the insert of the Transwell plate, and divided into groups, and
treated as described in Section 2.7. At 12 h after LPS stimulation, 2 x 10° neutrophils were
added to the insert of Transwell plates. After 4 h incubation, the neutrophils in the lower
chamber were collected, stained with trypan blue, and counted with a cytometer, and their
mobility was calculated according to the following formula.

Mobility = (neutrophil number in the lower chamber/2 x 10°) x 100%

2.9. Data Analysis

For transcriptome sequencing data, p values were corrected by the Benjamini-Hochberg
method [16]. The grayscale of protein bands from Western blotting was quantified using
Image J software. All data are expressed as “mean =+ standard deviation”, and GraphPad
Prism 8.0 software was used for data visualization and one-way analysis of variance. A
p value less than 0.05 was considered statistically significant.

3. Results
3.1. Cell Characteristics

The CD31* MVECs purified from the primary cell culture of porcine lungs exhibited
a polygonal appearance. They were routinely passaged and grew to confluence in about
5 days (Figure 1A). They could be stably propagated up to passage 7 before entering cellular
senescence. Immunofluorescence staining of factor VIII was positive, with approximately
97% of cells exhibiting positive staining (Figure 1B,C). Additionally, cryopreserved porcine
peripheral blood neutrophils were recovered and assessed using Trypan blue staining, with
approximately 98% viability observed. Neutrophil purity was evaluated by Wright stain to
be about 95%, and the cells displayed characteristic segmented nuclei, a prominent feature
of neutrophils.

Figure 1. Microscopic morphology of porcine pulmonary MVECs and immunofluorescence staining
for factor VIIL (A): Microscopic morphology of CD31* MVECs; (B): immunofluorescence staining for
factor VIIL; (C): negative control for immunofluorescence for factor VIII. (bar = 100 pm).

3.2. Transcriptome Changes of Porcine Pulmonary MVECs

To investigate the response of porcine pulmonary MVECs to HP-PRRSV and/or
LPS stimulation, the transcriptome expression was analyzed by RNA-seq. The results
showed that HP-PRRSV HN and LPS alone induced the differential expression of
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101 (Figure 2A) and 175 (Figure 2B) genes, respectively, and their combined application
resulted in the differential expression of 177 genes (Figure 2C). Venn analysis of the differ-
entially expressed genes from individual treatments revealed only 20 genes in common
(Figure 2D), indicating significant differences in the functional changes. Further analysis
showed that compared to individual stimulation with HP-PRRSV HN or LPS, their com-
bined treatment induced differential expression of 171 (Figure 3A) and 172 (Figure 3B)
genes, respectively. Among these, only 21 genes were in common (Figure 3C). These
findings suggest that their combined stimulation induces additional functional changes,
and their respective roles are distinct.
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Figure 2. Volcano plot and Venn diagram illustrating differentially expressed genes in porcine
pulmonary MVECs induced by HP-PRRSV and/or LPS. (A): Volcano plot of the PRRSV group versus
control group; (B): volcano plot of the LPS group versus control group; (C): volcano plot of the
PRRSV-LPS group versus control group; (D): Venn diagram of the HP-PRRSV group versus control
group and the LPS group versus control group.
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Figure 3. Volcano plot and Venn diagram demonstrating differentially expressed genes induced by
combined stimulation compared to individual stimulation. (A): Volcano plot of the PRRSV-LPS group
versus PRRSV group; (B): volcano plot of the PRRSV-LPS group versus LPS group; (C): Venn diagram
of the PRRSV-LPS group versus PRRSV group and the PRRSV-LPS group versus LPS group.

3.3. GO and KEGG Functional Analysis of Differentially Expressed Genes

To understand the characteristics of the functional changes in porcine pulmonary
MVECs induced by HP-PRRSV and/or LPS, gene ontology (GO) enrichment analysis was
performed on the differentially expressed genes, and the top 20 significantly enriched GO
items were selected to generate a histogram. The results revealed that in both individual
and combined stimulation, the most significantly enriched genes were mainly associated
with biological processes, although their specific items differed significantly. HP-PRRSV
infection mainly induced responses to virus, cellular responses to type I interferon, type I
interferon signaling pathway, negative regulation of viral gene replication, positive regu-
lation of tyrosine phosphorylation of STAT protein, and positive regulation of JAK-STAT
cascade (Figure 4A). The altered genes were involved not only in the viral immune re-
sponse, such as CCL5, IFIT2, IFIT3, and SOCS3, but also in the inflammatory response,
such as VCAM1, TNFSF15, ITGB4, and HES1 (Figure 4B). LPS mainly induced blood vessel

60



Viruses 2023, 15, 1523

development, positive regulation of smooth muscle cell proliferation, positive regulation
of smooth muscle cell migration, cellular response to acid chemical, and cellular response
to extracellular stimulus (Figure 4C). The altered genes primarily related to the inflam-
matory response, such as IL6, IL16, CXCL8, CXCL14, TNFSF15, and ITGA? (Figure 4D).
Furthermore, in comparison to HP-PRRSV alone, the biological processes caused by the
combined stimulation mainly included connective tissue development, cardiovascular
system development, blood vessel remodeling, regulation of signaling receptor activity,
receptor ligand activity, and receptor regulator activity (Figure 4E). Their combined stim-
ulation resulted in more changes in genes related to inflammatory responses, including
IL-1or, CXCL2, CXCLS, ITGA1, and ITGBS (Figure 4F), suggesting that LPS can induce
a stronger inflammatory response in HP-PRRSV-pretreated MVECs. In comparison to
LPS alone, its combined stimulation with HP-PRRSV mainly induced biological processes
such as extracellular structure organization, cellular response to extracellular stimulus,
extracellular structure organization, and extracellular matrix organization (Figure 4G). A
large number of inflammatory genes, such as CCL 5, VCAM-1, ITGB 8, IGTAV, IL-6, and
IL17D, were regulated (Figure 4H), indicating that the LPS-induced inflammatory response

is more pronounced when MVECs are pretreated with HP-PRRSV.
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Figure 4. Histogram of GO enrichment analysis and heatmap of primarily differential genes.
(A,B): PRRSV group versus control group, (C,D): LPS group versus control group, (E,F): PRRSV-LPS
versus PRRSV group, (G,H): PRRSV-LPS group versus LPS group.

To clarify the signaling pathway associated with HP-PRRSV-mediated secondary
bacterial infection, KEGG analysis was performed on the differentially expressed genes
induced by combined stimulation. In comparison to LPS alone, the enriched pathways
mainly included the MAPK signaling pathway, TNF signaling pathway, C-type lectin
receptor signaling pathway, and IL-17 signaling pathway (Figure 5B). Similarly, compared
to HP-PRRSV alone, the enriched pathways primarily comprised the PPAR signaling
pathway, MAPK signaling pathway, cytokine—cytokine receptor interaction, and RIG-I-like
receptor signaling pathway (Figure 5A). The results show that numerous inflammatory
pathways are induced by their combined stimulation.
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Figure 5. Histogram of KEGG enrichment analysis. (A): The PRRSV-LPS group versus the PRRSV
group; (B): the PRRSV-LPS group versus the LPS group.

3.4. Validation of Differentially Expressed Genes by qRT-PCR

Given that many differentially expressed genes caused by HP-PRRSV and LPS stimu-
lation, either alone or in combination, are related to immune and inflammatory responses,
eight genes that have been well studied in immune and inflammatory responses with defini-
tive roles were selected for qRT-PCR analysis to confirm the RNA-sequencing data. The
results showed that the combined stimulation induced significantly upregulated mRNA
expression of IL-1a, CXCL8, CXCL2, and ITGB8 compared to PRRSV stimulation alone, and
that of ITGAV, CCL5, VCAM1, and TNFAIP3 compared to LPS stimulation alone (Figure 6).
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These findings were consistent with the RNA-seq results, indicating the reliability of the
transcriptome sequencing results.
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Figure 6. The mRNA expression ratios of representative inflammatory molecules by qRT-PCR and
RNA sequencing.

3.5. Changes of Three Differentially Expressed Molecules at the Protein Level

To evaluate the effect of the combined stimulation on the protein level of key inflam-
matory genes, the production of IL-1x, CXCLS8, and VCAM-1 was examined by ELISA
and Western blot. There was no detectable IL-1x at 48 h, while its concentration in the
PRRSV-LPS group was significantly higher than that in the LPS group at 72 h (p < 0.01)
(Figure 7A). The concentrations of CXCLS8 in the PRRSV-LPS group were significantly
higher than those in the PRRSV and LPS groups at 48 h and 72 h (p < 0.01) (Figure 7B). The
expression of VCAM-1 in the PRRSV-LPS group was significantly higher than that in the
LPS group at48 h and 72 h (p < 0.01), and its increase compared to the PRRSV group had
no significant difference (p > 0.05) (Figure 7C,D).

3.6. Reduced TEER of Porcine Pulmonary MVECs by HP-PRRSV and LPS Stimulation

In addition to the expression of inflammatory molecules, disruption of the endothelial
barrier is another characteristic of inflammatory response. In this study, the impact of
HP-PRSSV and LPS stimulation on the TEER of porcine pulmonary MVECs was evaluated
using a Transwell model. The results showed that the TEER reached a plateau stage at
48 h following the seeding of MVECs (Figure 8A), indicating the formation of a conflu-
ent monolayer. The stimulation of HP-PRRSV and LPS, either alone or in combination,
significantly lowered the TEER compared to the control group (Figure 8B), and the TEER
in the PRRSV + LPS group was significantly lower than that in the PRRSV or LPS group.
The results suggest that HP-PRRSV HN and LPS exert a synergistic destruction of the
endothelial barrier.
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3.7. Increased TEM of Neutrophils by HP-PRRSV and LPS Stimulation

Given the evidence that stimulation with HN-PRRSV and LPS induces differential
expression of numerous inflammatory factors and disrupts the endothelial barrier, the
Transwell model was further used to investigate their effect on TEM of neutrophils. The
results showed a significant increase of neutrophil TEM in response to the stimulation of
PRRSV and/or LPS (p < 0.01), and the PRRSV-LPS group exhibited a significantly higher
migration rate compared to the PRRSV and LPS group (p < 0.01) (Figure 9), suggesting a
remarkable synergistic effect of the combined stimulation.
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o
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Figure 9. Effect of HP-PRRSV and LPS on neutrophil transendothelial migration. ** indicates p < 0.01.

4. Discussion

To explore the mechanism underlying the severe lung damage and high mortality
rate in piglets caused by HP-PRRSV-mediated secondary bacterial infection, this study
analyzed the transcriptome expression, TEER of the cell monolayer, and neutrophil TEM
in porcine pulmonary MVECs treated with HP-PRRSV HN strain and LPS. The finding
revealed distinct response patterns of porcine pulmonary MVECs to HP-PRRSV and LPS
stimulation. HP-PRRSV infection resulted in differential expression of genes related to
antiviral immunity and inflammatory response, while LPS stimulation mainly caused
differential expression of genes associated with the inflammatory response. Interestingly,
their combined stimulation increased the expression of inflammatory factors induced by
LPS and exacerbated the functional damage caused by HP-PRRSV infection. Moreover,
the combined stimulation significantly intensified the decrease in the TEER of MVECs
and synergistically increased the neutrophil TEM. These results suggest that the combined
stimulation of HP-PRRSV and LPS has the potential to synergistically enhance the pro-
duction of inflammatory molecules, induce endothelial barrier dysfunction, and increase
neutrophil TEM in porcine pulmonary MVECs. These more severe responses of MVECs
may be one of the important mechanisms contributing to the development of severe lung
lesions and increased mortality in piglets resulting from HP-PRRSV-mediated secondary
bacterial infection.
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MVECs have diverse biological functions and serve as crucial points in various physi-
ological and pathological responses, exhibiting specific reactions to different stimuli [17,18].
This study also revealed distinct response patterns of porcine pulmonary MVECs to HP-
PRRSV and LPS stimulation. The latter mainly caused differential expression of genes
related to inflammatory response, while the former induced differential expression of many
inflammatory genes as well as numerous non-specific immune genes, which suggests
that porcine pulmonary MVECs not only are involved in the inflammatory lung injury
caused by HP-PRRSV infection but also play an important role in the immune response to
HP-PRRSV. Moreover, compared with HP-PRRSV or LPS stimulation alone, their combined
stimulation resulted in the upregulation of more inflammatory molecules, including inter-
leukins, chemokines, and adhesion molecules, suggesting that the inflammatory response
of porcine pulmonary MVECs to HP-PRRSV-mediated secondary bacterial infection is more
intense than that to either infection alone. Specifically, HP-PRRSV infection mainly pro-
moted the effects of LPS on the MAPK signaling pathway, TNF signaling pathway, c-type
lectin receptors, etc. However, LPS stimulation exacerbated the effects of HP-PRRSV infec-
tion on cytokine—cytokine receptor interaction, the RIG-I-like receptor signaling pathway;,
and so on.

The transcriptome sequencing results were confirmed at the mRNA and protein levels,
while different treatment times were selected for the detection between the protein levels
and the mRNA levels. In terms of mRINA detection, the treatment times of HP-PRRSV
and LPS were 60 h and 24 h, respectively. For protein detection, the HP-PRRSV treatment
times were 48 h and 72 h, and the LPS treatment time was 12 h. The results showed that
the combined PRRSV-LPS stimulation had stronger effects on the increased production of
three inflammatory molecules than either individual stimulation, although their production
altered to some extent with the treatment time. Specifically, the secretions of IL-1« and
CXCLS were significantly higher in the PRRSV-LPS group compared to either the PRRSV
group or the LPS group, while there was no significant difference between the PRRSV-LPS
group and the LPS group at the mRNA level. This inconsistency may be attributed to the
longer treatment time of LPS at the protein level, which brought stronger promoting factors
for following LPS stimulation. IL-1« is a biologically active precursor released during
tissue injury and necrotic cell death [19]. CXCLS, also known as interleukin 8 (IL-8), plays
a central role in mediating inflammatory responses by attracting neutrophils to the site of
inflammation, releasing vasoactive substances, and causing tissue immune damage [20].
VCAM-1 is involved in processes such as inflammatory response, immune response, and
lymphocyte homing [21]. These three inflammatory molecules have been documented to
be involved in PRRSV infection [22-24]. In this study, porcine pulmonary MVECs were
demonstrated to be an important source tissue of inflammatory molecules.

Endothelial barrier dysfunction is an important marker of inflammatory injury in
MVECs, and TEER measurement is a common method for evaluating endothelial barrier
function [25]. Glycocalyx is the main component of the microvascular endothelial bar-
rier [26]. Our previous study has demonstrated that HP-PRRSV infection leads to the
destruction of the endothelial glycocalyx in porcine pulmonary MVECs [13], suggesting a
potential impairment of their barrier function. This present study demonstrated that HP-
PRRSV infection resulted in a decrease in the TEER of porcine pulmonary microvascular
endothelial cell monolayer, although its effect was less pronounced compared to that of
LPS stimulation alone. Furthermore, their combined stimulation led to a more substantial
decline in TEER, indicating that the endothelial barrier dysfunction was exacerbated.

The neutrophil TEM experiment revealed that while HP-PRRSV HN and LPS stim-
ulation individually increased neutrophil mobility to a similar extent, their combined
stimulation significantly augmented it. Both the increased production of inflammatory
factors and impaired endothelial barrier function may be the contribution of enhanced
neutrophil TEM. During the process of neutrophils crossing MVECs, there is a complex
interaction between them, and the function of neutrophils that migrate across the endothe-
lium monolayer may be altered [27]. The combined stimulation of HP-PRRSV and LPS
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exacerbated the dysfunction of porcine pulmonary MVECs, likely impairing their regula-
tion of neutrophil function. The functional status of neutrophils across impaired endothelial
barrier deserves further study.

5. Conclusions

This study demonstrated the synergistic effect of the combined stimulation of HP-
PRRSV and LPS on the inflammatory injury of porcine pulmonary MVECs. The findings of
this research shed light on the underlying mechanism of severe lung injury caused by a
secondary bacterial infection following HP-PRRSV infection, with a particular emphasis on
the vital role of pulmonary MVECs in HP-PRRSV infection.
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Abstract: Viruses are obligate intracellular parasites that critically depend on their hosts to initiate
infection, complete replication cycles, and generate new progeny virions. To achieve these goals,
viruses have evolved numerous elegant strategies to subvert and utilize different cellular machinery.
The cytoskeleton is often one of the first components to be hijacked as it provides a convenient
transport system for viruses to enter the cell and reach the site of replication. The cytoskeleton is
an intricate network involved in controlling the cell shape, cargo transport, signal transduction,
and cell division. The host cytoskeleton has complex interactions with viruses during the viral life
cycle, as well as cell-to-cell transmission once the life cycle is completed. Additionally, the host also
develops unique, cytoskeleton-mediated antiviral innate immune responses. These processes are
also involved in pathological damages, although the comprehensive mechanisms remain elusive. In
this review, we briefly summarize the functions of some prominent viruses in inducing or hijacking
cytoskeletal structures and the related antiviral responses in order to provide new insights into the
crosstalk between the cytoskeleton and viruses, which may contribute to the design of novel antivirals
targeting the cytoskeleton.

Keywords: host cytoskeleton; viral replication cycle; host-virus interactions; orchestrated crosstalk

1. Introduction

As an essential part of maintaining the normal function of cells, the cytoskeleton plays
important roles in the activities of life, including endocytosis, cell division, intracellular
transport, motility, force transmission, reactions to external forces, adhesion and preser-
vation, and cell shape adaptation. The cytoskeleton is mainly composed of three types of
cytoskeletal polymers, including actin filaments (AFs), microtubules (MTs), and interme-
diate filaments (IFs) [1]. AFs, MTs, and IFs constitute a complex network involved in the
functions of eukaryotic cells, providing cells with the ability to perform multiple functions
uniformly [2]. These proteins assemble into different structures to play broad roles [3],
and form highly structured and dynamic networks. An intricate network of components
is capable of swift adaptation in response to both external and internal stimuli, enabling
precise regulation within minutes [1]. These three cytoskeletal proteins have different func-
tions, but they are mutually regulated and work together to complete vital movement [4].
Information related to the cytoskeleton is summarized (Table 1 and Figure 1).

When the normal physiological activities of cells are disturbed, the cytoskeleton also
undergoes remarkable changes accordingly, and abnormal conditions usually occur when
the cells themselves propagate out of control or are disturbed by exogenous substances [5].
Cytoskeletal alterations contribute to the spread and migration of cancer cells [6]. Changes
in cytoskeletal proteins in passively infected cells can also affect the infection process of
microorganisms, such as viruses, bacteria, and parasites [5].
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Figure 1. Schematic diagram of the distribution and structure of the cytoskeleton in the cell. (A) In-
termediate filaments are formed by the spiral aggregation of monomers into dimers, followed by the
aggregation of two dimers into a tetramer; finally, eight tetramers assemble to create a unit-length
filament. (B) Microtubules (MTs) are composed of «- and p-heterodimers, which assemble into a
hollow tube structure. The elongation of MTs occurs via the addition of heterodimers, resulting in
the formation of a GTP cap at the positive end of the MTs. (C) Actin filaments are formed via a
multistep process that begins with the binding of G-actin monomers to ATP. Following this step,
G-actin monomers associate to form unstable dimers or trimers, which then elongate the filament. At
the positive end, ATP-binding actin will be assembled and the ATP will gradually be hydrolyzed
into ADP and Pi, once a G-actin is added to the filament. The minus end of an F-actin filament often
contains the actin molecules in an ADP-binding form.

The cytoskeleton plays an active role in the viral life cycle. The process involves the
virus invading the cell, traveling to the replication site, localizing the viral components to
the proper assembly site after replication, and transporting them to the viral budding site.
Since cortical actin affects the deformation of the cell membrane [7], virus entry into the cell
must be regulated by actin [8]. Considering the capacity of MTs to facilitate intracellular
transportation, their potential involvement in the viral life cycle is worth exploring. Many
viral replicative mechanisms have been studied, and it has been found that microtubules
can be used by viruses to transfer materials [9]. Upon viral infection, vimentin is crucial
for stress response and signal transduction in cells [10]. This process assists the virus in
propagating once it enters the cell [11]. In addition, viruses can use the cytoskeleton to
spread from one cell to another and form a connecting channel between the two cells, which
plays a significant role in their pathogenesis [12]. Recent research has confirmed that the
cytoskeleton regulates the signaling pathway of IFN [13-15].

Current data show that the functions of the cytoskeleton are diverse. On one hand, the
virus hijacks the cytoskeleton to complete its life cycle; on the other hand, the cytoskeleton
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assists cells to complete the process of innate immunity. This article reviews the functions
of the cytoskeleton in viral colonization and propagation, including the process of virus
invasion and host antiviral response.

Table 1. Structure and functions of the cytoskeleton.

Main

Cytoskeleton Types Members Polymer Formation Functions References
G-actin forms an Muscle contraction/
unstable dimer or Maintenance of cell
o B-Actin trimer, and then the surface shape/ .
Actin filaments (AFs) ¥-Actin filaments are elongated Deformable [1,16-18]
by the addition of movement/
monomers. Cytokinesis
a- and B-Tubulin form
a heterodimer, which is  Maintaining cell shape/
. «-Tubulin continuously extended. Transport of
Microtubules (MTs) B-Tubulin Thirteen extended substances/ [1,19-24]
tubulin protofilaments Assistant in mitosis
form a hollow tube.
IFs arise from the
ACICI.IC monomers spiraling Maintaining cell
Keratins around each other to morpholosy/
Intermediate filaments Basic form dimers. Two . P &Y/
. . Signal transduction/ [1,25-29]
(IFs) Keratins dimers aggregate to a .
. . . Involved in cellular
Vimentin tetramer and eight

. stress
Lamins tetramers to a

unit-length filament.

2. Physiological Functions of the Cytoskeleton on Normal Conditions

AFs are the major structural components of cells, and actin is the most abundant
protein in many eukaryotic cells [30]. Actin is a 42-kDa protein with 375 amino acids
and is highly conserved across a variety of species. It has six isoforms and more than
60 proteins [31], and only B-actin and -actin are expressed in most mammalian cell
types [32]. The monomeric form of actin, known as G-actin, is the most fundamental
structure for actin to perform its biological activities. Through a double or triple helix,
G-actin creates the dimer or trimer F-actin, which is 7 nm in diameter. G-actin and F-actin
serve different purposes, and the formation between them changes continually, preserving
a relative balance in the absence of a stimulus. Actin has an ATP-binding region at its center,
which binds to ATP in order to aggregate. The positive end of F-actin continuously binds
to G-actin with ATP, extending into filament. ATP at the negative end will hydrolyze into
ADP and Pj, resulting in the depolymerization of F-actin [1]. The equilibrium between the
two formations is destroyed when the cellular activities change. For example, AFs prefer to
polymerize when they are required to maintain cell morphological stability, whereas they
typically depolymerize when they are required for cell deformation and movement [33].
Actin-binding proteins (ABPs) regulate F-actin [34]. For example, the actin-related protein
(Arp2/3) is an ABP that drives G-actin polymerization to form F-actin, which can be
activated by GTP depletion [35].

Actin, regarded as the most dynamic among the three major cytoskeletal proteins,
is capable of rapid and significant structural alterations within minutes, which crucially
contribute to determining cellular morphology [1]. Actin is involved in many physiological
processes including cell motility, division, differentiation, senescence, death cell motility,
division, differentiation, senescence, and death [36]. In all eukaryotic cells, actin regulates
most cellular functions, including intercellular adhesion, cell motility, and cell division. The
actin cytoskeleton is located in the cytoplasmic side of the plasma membrane and consists
of a filamentous F-actin network that interfaces with the plasma membrane via surface
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receptors. Cortical actin is involved in all events related to the expression and presentation
of membrane and cell surface molecules, the formation and movement of endocytic and
phagocytic vesicles, viral entry, exocytosis, and viral export [16]. Actin regulates DNA
repair, chromatin remodeling condensation, and gene transcription in the nucleus [17].
Moreover, nuclear actin has been identified as a crucial component of chromatin remodeling
complexes that regulate gene expression. It interacts with all three RNA polymerases and
plays a critical role in transcription initiation and elongation [37].

Long tubular organelles, known as MTs, are essential in eukaryotic cells and play
a significant role in the cell cycle. These genes are highly conserved in many species.
a-Tubulin is composed of 450 amino acid residues and B-tubulin is composed of 455 amino
acid residues, which have a molecular weight of approximately 55 kDa. It has an average
outer diameter of 24 nm and an inner diameter of 12 nm [1], and its structure is composed of
a-tubulin and B-tubulin heterodimers assembled into a hollow polymer [19]. a-Tubulin and
B-tubulin are sequentially arranged to form a single fiber, and 13 such fibers are arranged to
form a hollow tubular structure [1]. The slower ends of polymerization and dissociation are
the negative end of MTs, and this portion of a-tubulin is exposed. Faster polymerization and
dissociation occur at the positive end of the microtubule exposed to B-tubulin [19]. Since a
GTP cap exists at the microtubule positive ends, polymerization and depolymerization can
be quickly completed in the cell, and are responsible for microtubule mass formation and
dynamic interactions with different subcellular structures [20]. It also points to the positive
end of the plasma membrane, which contributes to the intracellular trafficking of MT-bound
vesicles. Owing to the growth and shortening of the positive ends, microtubule dynamics
are generated [21]. MTs are altered by GTP hydrolysis for energy. GTP can be bound to
a-tubulin, whereas GTPase is present on -tubulin. Microtubule-binding proteins (MBPs)
can directly or indirectly bind to MTs to regulate their dynamics, assembly, disassembly,
and stability [22]. In contrast, the negative ends are hardly involved in depolymerization
and polymerization, and determine the geometry of MTs network. Therefore, they are
usually stably anchored at the microtubule nucleation sites [23]. The development of
various forms of microtubule-organizing centers (MTOCsS) results in a highly polymerized
tubulin-containing structure, while y-tubulin is highly polymerized [38]. In most cells, MTs
are radially distributed around the cell from the center of MTOCs, with the positive pole
pointing toward the cell membrane [1]. Microscopic motor proteins are divided into dynein
and kinesin. Dynein transports intracellular material toward MTOCs, whereas kinesin
transports intracellular materials toward the cell membrane. Intracellular vesicles can
then be transported to different organelles through MTs, which is of great significance for
efficient functioning [24]. The functional roles of MTs can be categorized into three distinct
areas: cell motility, signal transduction regulation, and intracellular transportation [1].

IFs are fundamental building blocks of the cellular architecture and are generated
from a vast array of proteins encoded by at least 70 genes [25]. The molecular weight of
the protein is 52-58 kDa. Among these, vimentin is relatively conserved across various
species, with a molecular weight ranging from 52 to 58 kDa. The structure of IFs consists of
an N-terminus, a central a-helical rod domain, and a C-terminus of varying lengths [26].
During the interaction, the N- and C-termini of the monomer remain unwound, whereas
the middle segment forms a parallel dimer, subsequently forming an antiparallel tetramer.
Eight of these tetramers form a single filament with a compressed diameter of 10 nm [39].
IFs are classified into five categories based on their structural composition and sequence
homology. Types I and II are acidic and basic keratins that form a heteropolymeric structure
comprising 54 distinct subtypes of type III IFs, including vimentin [27], whereas type
IV IFs are primarily expressed in the nervous system and contain three neurofilament
heteropolymers (NF-L/M/H): synemin, internexin, and nestin. Type V IFs are nuclear
filaments called lamins, and consist of A/C, B1, and B2 lamins [1]. Vimentin interacts with
a range of proteins and performs crucial biological functions in IFs networks. Lysosomal
and aggregate localization, cell migration, and various organelles and cellular components
can be fixed within a specific range using the vimentin framework [28]. Vimentin, which is
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critical for multiple cellular functions, can sense and respond to cellular stress, including
oxidative stress [29]. Vimentin can bind to the NF-xB sites, thereby changing the immune
response [15], which is also critical for intracellular signal transduction.

3. Pathological Roles of the Cytoskeleton on Abnormal Conditions
3.1. Neoplasm and Cancer

The cytoskeleton is essential for cancer progression, and contributes to the metastasis
and spread of tumor cells by maintaining the cell shape, movement, and other functions.
Actin remodeling can promote tumor invasive growth and tumor cell proliferation in
the skeletal muscle [40]. In addition, Rho small GTPases belong to the Ras superfamily
of GTPases, which regulate a wide array of cellular processes related to their key roles
controlling the cytoskeleton. Rho-GTPase is an important player in key signaling pathways
that regulate cell migration, such as cytoskeletal dynamics, the assembly and disassembly of
cell—cell connections, directional sensing, and integrin—matrix adhesion [41]. Rho-GTPases,
their modulators, and effectors are involved in several aspects of cancer progression [42].
As an illustration, epithelial mesenchymal transition (EMT) is the process through which
epithelial cells transform into mesenchymal cells. Once epithelial cells undergo EMT,
they reorganize the cytoskeleton and change the signalling programs that define the cell
shape and reprogram gene expression, and individual cells become more aggressive as
a result [43]. EMTs are also influenced by changes in the cytoskeleton, such as altered
intermediate filament composition caused by the inhibition of cytokeratin and the activation
of vimentin [44]. This enables cell motility in response to changes in the structure of IFs,
possibly as a result of the interaction of vimentin with motor proteins [45].

3.2. Passive Infection with Bacteria, Viruses, or Parasites

Viruses, bacteria, parasites, and other microorganisms infect cells, which then produce
corresponding countermeasures. The most significant change that occurs as a result of this
conversion is the recombination of actin [46]. Bacterial infections and inflammation can
disrupt the epithelial barrier, and host cell cytoskeletal changes in the host cell can directly
mediate bacterial invasion into the intracellular environment [47]. In the intracellular niche,
some bacteria then utilize the host cytoskeletal network to spread from cell to cell [48].
The binding of the Listeria monocytogenes surface proteins (InlA) to cell receptors promotes
two posttranslational modifications of E-cadherin, primarily comprising host kinase Src
phosphorylation followed by ubiquitination by the E3 ubiquitin ligase Hakai. This actin
undergoes polymerization, which is a key molecular event required for virus entry into
the cell [49]. The dissemination process of the intracellular pathogen Shigella primarily
relies on actin assembly at the bacterial pole, propelling the pathogen throughout the
infected cells [50]. Vimentin plays a role in facilitating bacterial transport, leading to
subsequent immune inflammatory responses [51]. Viral infection alters normal cytoskeletal
functions to optimize viral replication and virions production. Rabies virus (RABV) causes
dendrite damage and actin depolymerization due to a reduction in actin fragments in
nerve cells [52]. It also regulates the gene expression of cytoskeleton-related proteins and
disrupts biological pathways that require cytoskeletal proteins [53]. Plasmodium and other
intracellular parasites can use host factors such as hemoglobin S and C to modify and
reshape the actin cytoskeleton network, thus changing the cargo transport mode of the
organism and protecting patients from infection (Table 2) [54].
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Table 2. Pathological roles of the cytoskeleton.

Types of Pathogeneses Changes in the The Effects of the Changes  Pathological Roles References
Cytoskeleton
Depolymerization and Contributing to cell
polymerization of actin migration
Depolymerization, Participating in cell .
o movement through signal
polymerization and .
dificati ¢ microtubul transduction and as a )
modihication of microtubules transport structure Devoting to cancer cells
Cancers - - - - — - spread and replicate [41-45]
Interaction of vimentin with ~ Contributing to cell-matrix ickl
. - . N quickly
actin and microtubules. adhesion and migration
Activation of vimentin Alms t9 enhance. cell motility,
. . . which is conducive to the
expression, and interaction
. A process of
of vimentin with motor oo
roteins epithelial-mesenchymal
p transition (EMT)
Leading to bacterial
Actin is recruited and engulfment and
interacts with actin internalization
regulatory factors Arp2/3 in a membrane-bound
vacuole
Microtubule
depolymerization and the
activity of the Rho family of = Participating in bacterial
. enzymes that control transportation and the . . .
?ntracellular bacteria microtubules are affected consequential Pr(?motlng the mfectl(?n [46-51,55]
infected and interfered with by immune-inflammatory of intracellular bacteria
bacterial production of responses
Clostridium difficile toxin A
(TedA)
Contributing to stress
reaction; vimentin can be
Vimentin is expressed on the  both pro- and anti-bacterial,
cell surface, secreted and favoring bacterial invasion in
located extracellularly some contexts, but also
involved in bacterial-induced
inflammation regulation
Actin dePolymerlzes and Contributing to entry and
polymerizes, and ) .
. . . internalization
kinetoproteins are recruited.
Microtubule and motor
proteins interact with viral T . . Assisting the virus t
. . . . ransporting viral ssisting the virus to
Viruses infected . .1 15,52,53
iruses i proteins, m.1cro.tubule components, formation of complete its life cycle [ ]
depolymerization and s
. replicative organelles
polymerization, motor
proteins are changed
The vimentin expression is Contributing to viral
changed replication and signaling
Inhibiting the movement of .
Plasmodium can promote cargo vesicles to the Promoting severe
Parasites infected Plasmodium falciparum [54]

actin polymerization in vitro

erythrocyte plasma

malaria infection
membrane
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3.3. Pathological Process

The links between viral infection, cell morphology and changes in the actin cytoskele-
ton were determined using the description of the transformation [56]. The syncytium
is formed by the fusion of cells of one or more species, which requires the rupture and
reconnection of adjacent cell membranes. This entire process involves the support of the
actin cytoskeleton beneath the cell membrane [57]. The pathogen responsible for COVID-19,
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), induces syncytia forma-
tion, which can increase the spread of the virus and facilitate the elimination of immune
cells [58].

The disruption is also associated with neurodegenerative diseases. For example, infec-
tion with mouse hepatitis virus (MHV) induces tau phosphorylation through a mechanism
dependent on glycogen synthase kinase-3, which disrupts the stabilizing capacity of MTs,
potentially leading to brain damage [59]. In Middle East respiratory syndrome coronavirus
(MERS-CoV) and SARS-CoV-2 infections, troponin attaches to AFs and the level of troponin
in the heart muscle of patients increases [60].

The influence of the cytoskeleton on viruses has been found to be significant. Here,
what occurs when viruses hijack the cytoskeleton from various perspectives is discussed.

4. Multiple Engagements of the Cytoskeleton in Viral Life Cycle by Targeting
Various Stages

AFs and MTs provide structural support for virus entry into the cell, the spatial
configuration of endosomal membranes, intracellular transit, and recycling back to the cell
surface, which are driven by different motor proteins. Vimentin regulates the transcription
and translation of viral proteins [54]. In conclusion, the viral life cycle is greatly aided by
alterations in the cytoskeleton and these effects vary depending on the virus species. The
roles of cytoskeletal modifications are described in Figure 2 according to the stages of the
viral life cycle.

4.1. Entry and Internalization

Viruses can enter cells via a variety of pathways, including membrane fusion and
endocytosis. Viruses are usually captured by the pseudopodia of the cell, bind to their
receptors, and enter the cell via membrane fusion [61]. In a recent report on SARS-CoV-
2, cortical actin accumulation was observed in the plasma membrane of infected cells,
suggesting the role of actin in virion entry, release, and transmission [62].

Actin and its regulators play an equally important role in endocytosis. When the
human respiratory syncytial virus (RSV) and herpes simplex virus type 1 (HSV-1) infect,
the viral capsid is surrounded by F-actin in synaptosomes, and actin is transiently de-
polymerized to form vesicles [63,64]. Many viruses enter cells via endocytosis with the
help of clathrin, which requires actin for energy. The main mechanism by which RABV
particles enter cells is clathrin-dependent [65], and viral particles enter cell inputs with
elongated structures and an incomplete clathrin coating, which are dependent on actin for
internalization [66]. The entry of virion-containing pits is hindered by actin disruption after
pharmaceutical pretreatment with an actin-depolymerizing agent, such as latrunculin B or
cytochalasin D, which does not prevent coated pit formation. The experimental phenomena
of impeded infection demonstrate that the completion of the viral invasion process cannot
be supported by clathrin on its own without actin to provide support [66]. Upon the
arrival of the virus in the cell body, clathrin recruitment is initiated, and viruses undergo
actin-mediated cell surfing to entry-specific sites. Notably, viral surfing continues during
clathrin recruitment in pH-dependent viruses such as vesicular stomatitis virus (VSV) [67].
Surfing occurs along filopodia and AFs as they move toward endocytic hot spots. The
movement of AFs in cell-surface protrusions, also known as F-actin reverse flow, involves
myosin motors [68]. Myosin Il is present in cellular processes that promote viral movement,
which may affect the retrograde flow of F-actin from the filament group. Myosin Il is the
major ATPase involved in viral cell surfing [69].
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Figure 2. Schematic representation of different viruses using the cytoskeleton to complete their life
cycle. (A) Similar to HSV, the process of cell entry requires actin rearrangement. After the viral
genome enters the nucleus, replication and transcription begin to generate the nucleic acids and
proteins required for viral assembly. This process is regulated by nuclear actin and vimentin. In
the nucleus, viral proteins combine with DNA to form non-enveloped virions. Upon completion
of assembly, virions either travel via ERGIC to produce mature virions or use microtubules for
transport to the cell membrane and subsequent budding. (B) For poxviruses and African swine
fever virus, the process of entry into cells requires actin rearrangement. The viral genome and
related proteins are concentrated in the viral factory and begin to replicate and transcribe to generate
the nucleic acids and proteins required for virus assembly. Actin/vimentin and microtubules are
gathered around the viral factory. A large number of microtubule-organizing centers (MTOCs) are
also present in the surrounding area. Subsequently, assembly is completed in the viral factory for
microtubule-dependent transport out of the cell. (C) The cytoskeletal regulation of plus-strand
RNA virus replication strategies is demonstrated. The process of entry into the cell requires actin
rearrangement with subsequent transport to the ER region using microtubules. The viral genome is
translated into the N protein, which is involved in the formation of vROs. Viral RNA replication is
predominantly within vROs. Viral proteins assemble with RNA to generate non-enveloped virions,
which undergo ERGIC to generate mature virions and are transported out of the cell in a microtubule-
dependent manner. ER, Endoplasmic reticulum; GA, Golgi apparatus; ERGIC, ER/Golgi intermediate
compartment structure; VF, virus factory; vROs, virus replication organelles.
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In addjition to the precise control of endocytosis by cortical actin, cell signal transduc-
tion is involved in the remodeling of the cytoskeleton after binding to the virus. During
viral infection, Rho-GTPase signaling plays an important role in entry [70]; it is involved in
regulating the actin structure, cytoskeleton assembly and remodeling, and mediating the
phagocytosis of phagocytes with nucleating/elongation factors [71]. The glycoproteins of
RSV and human parainfluenza virus type 3 (PIV-3) interact with RhoA to mediate viral
entry [72]. Racl and Cdc42 are members of the RhoA-GTPase family involved in HSV-1
entry into neuronal and non-neuronal cells [73]. Another major signaling pathway is
the phosphatidylinositol 3-kinase (PI3K)/protein kinase B (AKT), which plays a crucial
role in cytoskeletal rearrangement. Dengue virus type 2 (DENV-2) infection induces AKT
phosphorylation, leading to Rho activation and actin reorganization in Huh?7 cells. The
PI3K/AKT pathway is involved in DENV-2 infection in a Rho-GTPase and actin-dependent
manner, and DENV-2 uses this signaling cascade to efficiently replicate in cells [74]. The
third category is that most recently reported, showing that a disturbed actin cytoskeleton
initiates the activation of pattern recognition receptors (PRRs). These sensor proteins are
found in the cell membrane, nucleus, and cytoplasm. Many PRRs recognize certain viral
or host-derived nucleic acids and, upon detection, cause the transcriptional activation of
cytokines such as type I IFNs. Furthermore, PRRs are associated with cytoskeletal conver-
sion. For instance, the retinoic acid-inducible gene I (RIG-I)-like receptor (RLR) pathway is
activated following viral entry via actin rearrangement, a mechanism frequently linked to
innate immunity [13].

No direct evidence has been reported regarding the association of IFs with viral
invasion and transportation. Recent research has demonstrated that the establishment
of human cytomegalovirus (CMV) infection is contingent upon the presence of an intact
vimentin network, and that the cell tropism of CMYV is contingent upon the integrity of the
vimentin cytoskeleton [75].

4.2. Transport

MTs, AFs, and motor proteins are essential for generating the mechanical forces
that drive the deformation and scission of cellular membranes. This mechanical activity
facilitates the sorting of endosomal cargo and the generation of transport intermediates,
enabling efficient intracellular transport processes. Virus transport by AFs and MTs often
occurs shortly after entry into the cell membrane when it needs to traverse the inner
layer of the cell membrane composed of microfilaments to inject its nucleic acid into the
cell, or when the virus has completed replication and needs to be released from the cell
membrane. Viral microfilament transport is a unidirectional movement that occurs after
microfilament polymerization [76]. It has been demonstrated that the capsid protein and
ICP0 of HSV-1 can interact with host MTs. Tubulin complex EB1 mediates the interaction
between the viral capsid and the positive end of the microtubule, allowing the virus to
undergo retrograde transport along the MTs upon entry [77]. ICPO is a viral E3 ligase
that destabilizes and unbundles MTs in Vero cells to aid in viral assembly and egress [78].
The destruction of AFs may hinder the assembly and egress of infectious bronchitis virus
(IBV) [79]. Viruses can use MT trajectories as pathways for virions or as essential materials
for virus assembly [80]. Viral proteins mediate the directional movement of virions along
the MTs, which is important for viral transport out of the cell [81].

In fact, there are a few examples of viruses directly using MTs, more often using
dynein and kinesin to transport viruses and cargo. Dynein interacts with the HSV-1 pUL37,
and the key to its binding is the presence of a proline-rich domain in pUL37, and the
interaction allows microtubules to smoothly transport the viral capsid [82]. The pUS9
of HSV-1 appears to use five arginine residues in its domain to bind to the host motor
Kinesin-1 and contributes to anterograde axonal transport [83].

Interestingly, virions not only use motors for transport, but also dynein and kinesin
on MTs to promote early infection [84]. The mature capsid (CA) core of human immunod-
eficiency virus 1 (HIV-1) encapsulates the viral genomic RNA, enzymes, and other viral

78



Viruses 2023, 15, 1354

proteins. The dynein motor complex is not only involved in the intracellular transport of
the CA core, but may also be involved in the uncoating process of the CA core. After the
downregulation of dynein expression, HIV-1 cDNA levels decrease, confirming that the
HIV-1 reverse transcription is affected. However, the blockage of the CA take-off process
by the virus caused by the downregulation of dynein expression appears to be transient,
suggesting that uncoating is delayed rather than completely impaired [85]. Another study
showed that multiple viral proteins directly interact with actin during HIV-1 infection,
suggesting that HIV-1 may be anchored to cortical actin for reverse transcription and intra-
cellular migration [86]. In conclusion, the retrograde transport of the HIV-1 CA core can
effectively utilize dynein, while simultaneously using actin for transport.

4.3. Replication, Transcription, and Translation

During the replication of a positive-stranded RNA virus, viral replication organelles
(vROs) composed of bilayer membrane-like structures are formed. The viral genomic
RNA is wrapped in vROs to avoid the genome being degraded by other substances in the
cytoplasm [87]. Live-cell imaging and sensors are used to monitor viral infections and
replication, which shows that perinuclear inclusion in the SARS-CoV-2-infected cells is
positive for dsRNA. Double-membrane vesicles (DMV), a form of vROs, are separated
by reconstituted vimentin and encased in an IF cage. Drugs that inhibit vimentin also
inhibit viral replication [88]. This cage is also surrounded by MTs that are excluded from
the dsRNA-containing region, suggesting that IFs and MTs may serve to scaffold or confine
the vVROs compartment. Interestingly, bundles of cytoskeletal filaments have also been
observed in the tomograms of infected cells in close proximity to vROs [62].

Notably, the formation of specialized replication organelles, or ‘viral factories’, has
been observed in a range of viruses, including RNA viruses and large DNA viruses, such
as poxvirus and African swine fever virus (ASFV). For these viruses, viral factories are
typically organized around the periphery of the nucleus and serve as sites for efficient viral
replication and assembly [83]. A study on vaccinia virus (VACV) has demonstrated that
mRNA structures appear to be aligned on MTs, implying that MTs track connected mRNAs
and cores. Accordingly, intact MTs are required for the typical punctate organization of viral
mRNAs [89]. Early in infection, MTs retract toward the nucleus, rounding cell aggregates
and bringing organelles close to the nucleus. Small early factories moved to the nuclear
periphery in an MT-dependent manner to form larger factories [90].

Nuclear actin exists in the cell nucleus as a skeleton protein that participates in tran-
scription, transcriptional regulation, and chromatin remodeling, and can control the nuclear
expression of viral genes in the replication stages [91]. The movement of the HSV-1 capsid
in the nucleus requires the participation of nuclear actin [92].

4.4. Assembly and Egress

VACV and ASFV assembly is consistent with viral replication and requires the in-
volvement of a cytoskeleton-involved cytoskeleton-related perinuclear virus assembly
factory [93]. Such cage structures, known as MTOCs, have been described above; their
formation is important for the assembly of viral materials [94].

Newly synthesized viral proteins and nucleic acids in coronaviruses are transported
to the actin-rich ER/Golgi intermediate compartment structure (ERGIC), which is adjacent
to the endoplasmic reticulum and Golgi apparatus, facilitating the transfer of the virus
from the endoplasmic reticulum to the Golgi apparatus, where the proteins undergo post-
translational modification and complete the assembly stage [95]. Centrosomes are also
important for the assembly of viruses; RNA viruses that replicate in the nucleus, such
as retroviruses, can bud through centrosomes. For example, Foamy viruses must first
accumulate in MTOCs and subsequently acquire an intact envelope via ERGIC to form
intact virions [96].

Coronavirus-infected cells have been observed by electron microscopy, and actin
parallel to the cell edge appears to be thickened [97]. The enhanced presence of actin can
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assist in providing a bending force to expel the progeny viral particles to the exterior [98].
Viral proteins are associated with the capsid proteins of viral particles, thus facilitating
their ability to target sites of nuclear viral egress [99].

5. The Cytoskeleton Mediates Virus Transmission and Spread from Cell to Cell

Cell-to-cell transmission significantly boosts the effectiveness of viral transmission by
concentrating the release of viral particles at the points of cell-cell contact [100]. It protects
against antibodies that partially neutralize viruses [101], and under certain circumstances,
overrides the inhibitory effects of specific antiviral restriction factors [102]. This viral
transmission method may also affect the etiology and course of the infection [103]. It has
been established that the cytoskeleton plays a major role in the transmission of viruses
across cells (Figure 3).

5.1. Direct Transmission

The cells are linked by an open membrane channel called a tunnel nanotube (TNT) [104].
It can transmit a variety of items over great distances, including communication substances,
genetic materials, and viruses. TNT can move not only small molecules, such as calcium
ions, but also large molecules such as proteins, peptides, and organelles inside the cell [105].
With the help of this novel direct communication technique, the physiological and patho-
logical aspects of various cell communication processes may be better understood, while
also learning about novel long-distance communication mechanisms [105]. TNTs mostly
consist of actin and MTs [106]. Despite ongoing research on TNT synthesis, the cytoskele-
ton plays a crucial role [104]. Moreover, Rho-GTPases play crucial signaling roles in this
process [107]. It has been demonstrated that coronavirus, influenza virus, and HIV-1 cause
TNT to develop and be transmitted between cells [107,108].

Virological synapse (VS) is a specialized site for the formation of virus-infected immune
cells in contact with each other, and is a channel for the formation of contact between cells.
The VS formation involves F-actin polymerization, depolymerization, and Rho-GTPase
signaling [109]. Virions can be secreted from one cell to another via junctions [110]. After
cell—cell contact, the cytoskeleton of infected cells rapidly polarizes to cell—cell junctions
to form special sites at which different proteins are linked for virus transmission [111].
SARS-CoV-2 can spread between dendritic cells and target cells and invade nerve cells
via connections similar to VS [112]. HIV-1 cell-to-cell transmission substantially increases
the efficiency of viral transmission by concentrating the release of viral particles at the
site of cell-cell interactions [113]. HIV-1 envelope proteins, such as Gag on the infected
donor cells and CD4 on the uninfected target cells, interact to form VS, which requires
actin support [114]. It has been suggested that during HIV infection viral particles are
transported by MTs to cell-cell contacts, where they pass though the core region of the
synapse and enter the target cell [110].

The structural continuity of tissues is maintained by three distinct types of cell-cell
junction: desmosomes, tight and adherens junctions [115]. These junctions provide both
extracellular and intracellular connections between neighboring cells, linking different
elements of the cytoskeleton to form a cohesive structural network. In addition to their
structural roles, these junctions are involved in regulating tissue integrity and controlling
the diffusion of ions, solutes, and microorganisms through tissues [115]. It has been shown
that hepatitis C virus and retroviruses may enter via tight junctions, human papilloma
virus (HPV) may enter via adherens junctions, and HIV may modify gap junctions for
entry [116].

80



Viruses 2023, 15, 1354

A
*

RhoGTPase\

TNT (

=S :’: Rho-GTPase —9> e ICAM-1

Roecnn.. o = — Env

€ CD4
—ll CXCR4
== Talin+

e \ LFA-1
Baaa. =2 <
B ]
C Intercellular junctions D

| Tight junction

! 3 Rho-GTPase

~mme- Claudin
assse Occludin
mme—— E-cadherin
#~ B-Catenin
=®» qa-Catenin
—-mmm Desmoglein i
Qe Desmcolein WTubulln
] Plakophilin @, Motor

&  Desmolakin )

Figure 3. Schematic representation of the cell-to-cell spread of different viruses. (A) After viral
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infection, tunnel nanotubes are generated, and actin is required for this structure. The Rho receptor
plays an important role during this period. TNT, tunnel nanotube. (B) During HIV infection, viral
material is mobilized along microtubules to the site of cell-cell contact, where it traverses the central
region of the synapse and enters the target cell. Upon arrival at the virological synapse (VS), LFA-
1-talin complexes, and CD4 and CXCR4 are recruited in an actin-dependent manner. The VSis a
specialized structure formed at the site of cell-cell contact, which facilitates the efficient transmission
of HIV between infected and uninfected cells. VS, virological synapse. Env, HIV envelope protein;
CXCR4, CXC chemokine receptor 4; ICAM-1, DC cognate ligands; LFA-1, lymphocyte function-
associated antigen. (C) Intercellular junctions play a crucial role in maintaining the structural
integrity and function of tissues. The three main types of intercellular junction are tight junctions,
adherens junctions, and desmosomes. Tight junctions are formed by the transmembrane proteins
claudin and occludin, which interact to form homotypic claudin—claudin and occludin-occludin
complexes between adjacent cells. These transmembrane proteins bind directly to cytoplasmic
adaptor proteins, which in turn associate with the actin cytoskeleton to maintain cell-cell adhesion
and regulate the diffusion of ions and solutes through the tissue. Adherens junctions, on the other
hand, are mediated by the transmembrane protein E-cadherin, which forms a ternary complex with
the 3-catenin and a-catenin. This complex binds to F-actin in a force-dependent manner, thereby
regulating cell-cell adhesion and maintaining tissue integrity. Desmoglein and desmcolein bind
to each other to form the core region. (D) Intracellular viruses can enter other cell-like comets due
to slingshot-like structures formed by the intracellular microtubule and actin. Motor proteins are
needed to empower this process.

5.2. Indirect Transmission

Many viruses use comets formed from actin to advance cytoplasmic viruses to the cell
periphery or outside the infected cells [117]. Viral proteins may use actin-formed comet
propulsion to pass through actin-enhanced cell junctions and be transported to neighboring
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cells [117]. The comet structure is essentially a slingshot structure formed by actin, which
uses the elastic force of actin to push the virus out of the cell and facilitate its spread.

6. The Cytoskeleton Is Involved in the Immune Responses to Viral Infections

The cytoskeleton is also involved in innate immunity. Viral DNA is recognized by
cyclic GMP-AMP synthetase (cGAS) [118], and viral RNA is recognized by retinoic acid-
RLRs [119]. The recruitment of downstream molecules such as STING and MAVS results in
the activation of downstream pathways. It can control gene expression, and its outcome is
correlated with IFN production and expression [118,119].

The phosphorylation of RIG-I at Ser 8 and MDAS at Ser 88 prevents RLR activa-
tion [120]. Once this site is dephosphorylated, RLRs are activated by the RNA viruses. The
dephosphorylation of these sites by cellular protein phosphatase-1 PP1a or PP17 is critical
for RLR activation in response to viral infection [121], and virus-mediated perturbations
of the actin cytoskeleton have been extensively documented to trigger RLR dephosphory-
lation via the PP1-R12C phosphatase complex [13]. Spire homolog 1 (Spir-1, also known
as SPIRE1) has actin-binding domains, through which it nucleates actin filaments [122].
It has been demonstrated that Spir-1 stimulates innate immune signaling upon dsRNA
sensing. Through a diphenylalanine motif, Spir-1 specifically contributes to the activation
of interferon regulatory factor 3 (IRF3) and is also required for direct contact between Spir-1
and the VACV virulence factor K7. Spir-1 has been demonstrated to reduce VACV and
ZIKV replication and/or dissemination, and is thus a virus restriction factor [123].

One example of a guanine nucleotide exchange factor (GEF) specific to RhoA, known
as GEF-H1, is localized and confined to the MTs. This sequestration is associated with the
precise temporal and spatial activation of Rho-GTPases [124]. Inactive GEF-H1 binds to
the dynein motor complex on MTs, and GEF-H1 is activated and released from MTs upon
cellular interactions, contributing to the recognition of intracellular pathogens. GEF-H1
can function in the RLR pathway in conjunction with MAVS and TANK-binding kinase 1
(TBK1); the inhibitor of nuclear factor-kappa B (IxB) kinase epsilon (IKKe) complexes to
enhance the phosphorylation of IRF3 and the activation of the ifnb1 promoter [125].

Recently, vimentin has been reported to play a role in many vital immune responses
processes, and it has been described as a ligand for some PRRs. Vimentin expression may
depend on IFNs [14], and viral infection may promote vimentin promoter activity. Vimentin
overexpression is accompanied by enhanced viral replication, and the inhibition of IRF3
and TBK1 phosphorylation. Vimentin has been suggested to suppress the production
of type I IFNs by targeting IRF3 or its associated binding partners, including TBK1 and
inhibitors of IxB kinase epsilon (IKKe) [17]. During a viral infection, TBK1, IKK, and IRF3
form a complex. Once activated, TBK1 and IKK phosphorylate IRF3 to enhance its nuclear
translocation. Both TBK1 and IKK possess an N-terminal kinase domain (KD) or interaction
with IRF3 [126]. Vimentin and IRF3 bind to the KD domain of TBK1 or IKK, which may
prevent the formation of the TBK1-IKK-IRF3 complex and the nuclear translocation of
IRF3 [15,126]. The above three examples of RLR signaling pathways being affected are
summarized in Figure 4.

Nucleotide oligomerization domain-containing protein 2 (NOD2) is an important
receptor involved in cellular innate immunity, and vimentin is an NOD2-interacting protein
in mammalian cells. A recent study has suggested that NOD2 interaction with vimentin is
important for its ability to respond to the signals downstream of NF-«B [127].
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Figure 4. Involvement of the cytoskeleton in the immune response to viral infections. The inclusion of
actin, the microtubule, and vimentin affects the regulation of the RLR signaling pathway in interferon
production. (A) R12C can be released from the actin phosphatase complex during viral infection and
participate in the binding of RLRs to PP1a /. (B) GEF-H1 can be released from the microtubule motor
protein complex during viral infection and affect the phosphorylation of IRF3. (C) Vimentin can
regulate TBK1 and IKKe, and affect the phosphorylation and nuclear import of IRF3. (D) The actin
nucleating factor Spir-1 interacts with the K7 protein of vaccinia virus upon infection, promoting the
IRF3 activation downstream of MAVS and upstream of IKK or TBK1. RLRs, retinoic acid-inducible
gene I (RIG-I)-like receptor. R12C, a regulatory subunit of the protein phosphatase 1 (PP1). GEF-H1,
guanine nucleotide exchange factor. IRF3, interferon regulatory factor. TBK1, TANK-binding kinase
1. IKKg, IxB kinase epsilon.

7. Conclusions and Prospects

In this review, we provide a comprehensive overview of the structure and biological
functions of the cytoskeleton, focusing on changes in the cytoskeleton during viral infection
and whether these changes affect the virus life cycle. Organisms are complex and the
interactions between the cytoskeleton and viruses are ingenious. The cytoskeleton also
resists the processes of invasion and replication through the cytoskeleton-mediated innate
immune response upon viral infection.
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For example, after infection with certain RNA viruses, actin is rearranged and R12C is
released to regulate RLRs. This reveals that the cytoskeleton is like a warehouse containing
a large number of signal regulatory substances. Once stimulated, a large number of
enzymes and proteins are released during the process of depolymerization. Some of these
substances can be used by cells to generate innate immunity to initiate signaling processes.
Currently, there are no data to confirm whether other PRRs, such as cGAS-STING, have
similar upstream signaling regulators. Obtaining these data is recommended for the study
of broad-spectrum antiviral drugs.

In addition, we showed that the virus uses motor proteins to transport virions to the
correct replication site during the invasion process, and the example of GEF-H1 demon-
strates that the binding of motor proteins to the virus simultaneously engages GEF-H1 in
the antiviral response. It is unclear whether the cytoskeleton regulates both the viral life
cycle and the innate immune processes. Currently, no exact data are available, and this is
worthy of further investigation.

Viral infection causes cytoskeleton alterations that can be either particular or gen-
eral. During viral invasion, the membrane deforms and actin rearranges. R12C, which
specifically binds to RLRs, can be released by actin disturbance via a non-specific path-
way [13]. Vimentin, for instance, can participate in the invasion of viruses as a co-receptor
(specific) [128] and impede the entry of HPV16-PsV, demonstrating that it can prevent
virus-receptor contact through steric hindrance (non-specific) [129]. Additionally, upon
viral infection, vimentin expression is increased, which may be influenced by IFN receptor
1 (IFNART1), a nonspecific factor triggered by almost all viral infections, can inhibit TBK1
and IKKe during the process of enhanced vimentin expression [15]. Hence, the differences
between non-specific and specific cytoskeleton-mediated activation need to be clarified.

In conclusion, the cytoskeleton is involved in almost all physiological processes in the
cell, and therefore its roles in the process of virus invasion are inevitable. In the future, we
will continue to study the cytoskeleton to provide insights into the design and development
of antivirals.
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Abstract: The frequent SARS-CoV-2 variants have caused a continual challenge, weakening the
effectiveness of current vaccines, and thus it is of great importance to induce robust and conserved T
cellular immunity for developing the next-generation vaccine against SARS-CoV-2 variants. In this
study, we proposed a conception of enhancing the SARS-CoV-2 specific T cell functionality by fusing
autophagosome-associated LC3b protein to the nucleocapsid (N) (N-LC3b). When compared to N pro-
tein alone, the N-LC3b protein was more effectively targeted to the autophagosome/lysosome/MHC
II compartment signal pathway and thus elicited stronger CD4" and CD8* T cell immune responses
in mice. Importantly, the frequency of N-specific polyfunctional CD4* and CD8* T cells, which can
simultaneously secrete multiple cytokines (IFN-y* /IL-2* /TNF-a*), in the N-LC3b group was signifi-
cantly higher than that in the N alone group. Moreover, there was a significantly improved T cell
proliferation, especially for CD8* T cells in the N-LC3b group. In addition, the N-LC3b also induced a
robust humoral immune response, characterized by the Th1-biased IgG2a subclass antibodies against
the SARS-CoV-2 N protein. Overall, these findings demonstrated that our strategy could effectively
induce a potential SARS-CoV-2 specific T cellular immunity with enhanced magnitude, polyfunction-
ality, and proliferation, and thus provided insights to develop a promising strategy for the design of
a novel universal vaccine against SARS-CoV-2 variants and other emerging infectious diseases.

Keywords: SARS-CoV-2; N protein; autophagy; T cellular immunity

1. Introduction

The pandemic of coronavirus disease 2019 (COVID-19), caused by severe acute res-
piratory syndrome coronavirus 2 (SARS-CoV-2), has continued to threaten global public
health [1]. The COVID-19 vaccine, as the most powerful weapon to control this pandemic,
has been extensively developed, and at least 15 kinds of COVID-19 vaccines have been
approved for clinical use by the World Health Organization (WHO), including inactivated
vaccines, protein subunit vaccines, mRNA vaccines, and viral vector vaccines [2,3]. So
far, these vaccines are mainly targeted to the S protein, which contains two subunits S1
and S2 that contribute to viral attachment, fusion, and entry, to induce neutralizing anti-
bodies [4]. However, the frequent emergence of SARS-CoV-2 variants, such as Delta and
Omicron, has greatly weakened vaccine effectiveness and caused breakthrough infections
frequently due to the waned neutralizing antibody titers and the low frequency of virus-
specific memory B cells [5-7]. Alternatively, it is of great importance to induce robust and
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conserved T cell-mediated immunity for developing the next-generation vaccine against
SARS-CoV-2 variants.

Recent studies have revealed that the T cell immune responses play a critical role in
controlling viral replication [6,8]. For example, a high frequency of SARS-CoV-2 specific
T cells was identified in COVID-19 convalescent individuals [9,10]. Importantly, when
compared to antibody responses, T cell immune responses are usually more conserved
against viral variants [11-13]. Furthermore, the memory T cells usually have a long-term
survival time [8]. For example, one study showed that the memory T cells can persist for
more than 17 years in some convalescent individuals from SARS-CoV infection [14], and at
least 20 months in some individuals who have recovered from SARS-CoV-2 infection [8].
Besides seropositive patients, the individuals with asymptomatic or mild disease courses
of COVID-19 also had abundant memory T cell responses [15]. Thus, it is worth studying
the possibility to develop a long-lasting universal COVID-19 vaccine by targeting broadly
cross-reactive T cell epitopes.

The nucleocapsid (N) protein is conserved with approximately 90% amino acid ho-
mology between various SARS-CoV-2 variants, and it contains some cross-reactive T
cell epitopes [16—-18]. Therefore, it is expected to be a promising target for the universal
COVID-19 vaccine. Previous studies demonstrated that the N-based vaccine generated
partial protection against the SARS-CoV-2 challenge, and also enhanced the protection
efficacy when combined with the S-antigen-based COVID-19 vaccine [19,20]. However,
the immunogenicity of the natural N protein is relatively weak, and thus it can only elicit
insufficient T cell immunity. Consequently, it is necessary to explore a novel strategy to
improve the immunogenicity of the N antigen-based COVID-19 vaccine.

Autophagy, particularly macroautophagy, is a powerful tool that the host’s cells
use to defend against viral infections [21]. Autophagy contributes to the delivery and
processing of endogenous antigens to MHC class II molecules by the cross-presentation
mechanism [22,23]. The microtubule-associated protein 1 light chain 3 beta (LC3Db) is one of
the key components involved in macroautophagy and is usually dispersed throughout the
cytoplasm in diffuse form (LC3-I). Upon the formation of the autophagosome, LC3-I is con-
verted to the phosphatidylethanolamine-coupled LC3-II form, which can then become the
punctate form at the autophagosome [24]. The recruitment of LC3-I1 is critical for the sub-
sequent regulation of adaptive immune responses by the autophagosome/lysosome/MHC
II compartment signal pathway. Actually, our previous work showed that when the Gag anti-
gen of the simian immunodeficiency virus (SIV) was fused to the LC3b protein, it effectively
enhanced the SIV antigen-specific T cell immunity with magnitude and polyfunctionality [25].
Based on this finding, we further verified this strategy to enhance the immunogenicity of the
SARS-CoV-2 N antigen in the present study, and thus provided insights for the development
of a T cell-based universal vaccine against SARS-CoV-2 variants.

2. Materials and Methods
2.1. Construction of DNA Vaccine

The sequences of the SARS-CoV-2 N gene and mouse LC3b gene were obtained
from the National Center for Biotechnology Information (NCBI) and we conducted codon
optimization for efficient expression in mammalian cells. The fusion gene, N-LC3b, was
obtained by the overlap PCR method (Table S1). Specifically, the C terminal of the N gene
was fused with the N terminal of the LC3b gene bridged with the GGGSGGG linker, and
the Flag Tag was added to the C terminal of the fusion gene. Subsequently, the LC3b, the
N, and the fused gene N-LC3b were cloned into the pVAX1 expression vector (Invitrogen,
Carlsbad, CA, USA).

2.2. Western Blotting Analysis

293T cells (from human embryonic kidney cells) and Hela cells (from human cervical
cancer cells) were cultured in complete Dulbecco’s modified Eagle’s medium (DMEM,
Gibco, New York, NY, USA) containing 10% fetal bovine serum (FBS, Gibco, New York,
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NY, USA) and 1% penicillin/streptomycin (Gibco, New York, NY, USA), at 37 °C in an
atmosphere of 5% of CO,. To verify the protein expression, 293T cells were seeded at a
density of 5 x 10° cells in 6-well plates and transfected with the corresponding plasmids
using Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA, USA) in OptiMEM serum-free
medium for 24 h. To detect whether the decrease in N-LC3b was correlated with autophagy,
Hela cells were transfected with pVAX-N, pVAX-N-LC3b, respectively, for 6 h and treated
with rapamycin (RAPA) (100 nM) or chloroquine (CQ) (75 pM) for 24 h. Cells were lysed
using RIPA cell lysis buffer (Beyotime, Shanghai, China) and SDS-PAGE was conducted.
After the protein was transferred to the nitrocellulose filter (NC) membrane, anti-SARS-CoV-
2 N antibody (CST, Boston, MA, USA), anti-LC3b antibodies (Sigma, Darmstadt, Germany),
and anti-GAPDH antibody (Abmart, Shanghai, China) were incubated overnight at 4 °C.
Next, the membrane was incubated with the horseradish peroxidase (HRP)-conjugated anti-
rabbit IgG antibody or anti-mouse IgG antibody (Abclonal, Wuhan, China), and detected
with a chemiluminescent HRP substrate (Tanon, Shanghai, China).

2.3. Confocal Microscopy

DC24 cells (from murine bone marrow-derived dendritic cells) were cultured in
complete Roswell Park Memorial Institute 1640 medium (RPMI 1640, Gibco), containing
10% fetal bovine serum and 1% penicillin/streptomycin, at 37 °C in an atmosphere of 5%
of CO,. Hela cells or DC2.4 cells were seeded on microscope cover glasses and transfected
with pVAX-N-LC3b or pVAX-N for 36 h, then treated with or without chloroquine (CQ)
for 12 h. Cells were washed with phosphate-buffered saline (PBS) three times and fixed
in 4% paraformaldehyde (Beyotime, Shanghai, China) for 1h at 4 °C. Next, cells were
permeabilized and blocked with QuickBlock™ Blocking Buffer for Immunol Staining
reagents (Beyotime, Shanghai, China) for 15 min at room temperature. Then, the cells were
washed with PBST (PBS supplemented with Tween-20) and incubated with corresponding
primary antibodies in 1% bovine serum albumin solution at a dilution of 1:200 overnight at
4 °C. After being washed with PBST, secondary antibodies were added and incubated for 2 h.
Finally, the cells were stained with DAPI nucleic acid stain (1 mg/mL, Beyotime, Shanghai,
China) for 15 min and imaged using a confocal microscope (Zeiss, Oberkochen, Germany).

2.4. Animal Immunization

Female, six-week-old, non-pathogenic BALB/c mice were raised in an SPF environ-
ment in this study. Twenty mice were randomly allocated to four groups, including the
negative control group (PBS and pVAX-LC3b), and the experimental groups (pVAX-N
and pVAX-N-LC3b). All mice were injected with 0.5% bupivacaine hydrochloride (Sigma,
Darmstadt, Germany) in the gastrocnemius muscle of each hind leg three days before
the initial immunization. On days 0 and 14, 50 pg of the corresponding DNA plasmid
dissolved in 100 pL of sterile PBS was injected into the gastrocnemius muscle of both hind
legs of the mice (50 uL for each leg). On day 28, mouse serum was collected for antibody
detection by the enzyme-linked immunosorbent assay (ELISA). Mouse spleen lymphocytes
were harvested and subjected to enzyme-linked immunosorbent spot (ELISPOT) assay,
intracellular cytokine staining (ICS) assay, and carboxyfluorescein diacetate succinimidyl
ester (CFSE)-based proliferation assay.

2.5. ELISA

SARS-CoV-2 nucleocapsid-specific antibodies were detected by ELISA as in our previ-
ously reported method [26,27]. In brief, 96-well EIA plates (Corning Inc, Corning, NY, USA)
were coated with 100 ng per well of SARS-CoV-2 N protein antigens (Abclonal, Wuhan,
China) in PBS overnight at 4 °C. Plates were washed with PBST three times and then
blocked with 5% skimmed milk in PBST for 1 h at 37 °C. Mouse serum was diluted at
1:25, and then added to the washed plates and incubated for 2 h at 37 °C. After washing,
plates were incubated with a 1:5000 dilution of HRP conjugated anti-mouse IgG secondary
antibody (Abcam, Cambridge, UK), and HRP conjugated anti-mouse IgG1 secondary

92



Viruses 2023, 15, 1316

antibody (Abcam), HRP conjugated anti-mouse IgG2a secondary antibody (Proteintech,
Wuhan, China), and HRP conjugated anti-mouse IgG2c secondary antibody (Abcam, Cam-
bridge, UK), respectively, for 1 h at 37 °C. The color reaction was substrated with 3,3',5,5'-
Tetramethylbenzidine (TMB) and stopped with 1 M HySO4. The value was read at a 450 nm
wavelength using a Synergy HT Multi-Mode Plate Reader (BioTek, Winooski, VT, USA).

2.6. IFN-y ELISPOT Assay

Interferon Gamma (IFN-y) ELISPOT was performed using freshly isolated mouse
splenic lymphocytes as previously described [28,29]. In brief, PVDF 96-well plates (Mil-
lipore, Billerica, MA) were pre-coated with mouse IFN-y coating antibody (U-CyTech,
Utrecht, The Netherlands) overnight at 4 °C. Mouse splenic lymphocytes were isolated
using a density gradient medium (Dakewe Biotech, Shenzhen, China). The N peptide pools
were 15 amino acids in length and overlapped by 11 amino acids covering the full-length
SARS-CoV-2 N protein, and were synthesized by GenScript company, and then dissolved
in dimethyl sulfoxide (DMSO). The 2.5 x 10° mouse splenocytes were plated into each
well and stimulated with N peptide pool at a final concentration of 2 ug/mL for each
peptide, while DMSO was performed as a mock simulation. After incubation for 24 h,
the plates were incubated with biotinylated detection antibodies (U-CyTech, Utrecht, The
Netherlands) and developed with alkaline phosphatase-conjugated streptavidin (U-CyTech,
Utrecht, The Netherlands) and NBT/BCIP reagent (Pierce, Rockford, IL, USA). Finally, the
spots were counted with an ELISPOT reader (Mabtech, Stockholm, Sweden).

2.7.1CS

ICS assay was performed according to our previous method [30]. Briefly, mouse
splenic lymphocytes were seeded in the 96-well plates at 2 x 10° per well and stimulated
with the SARS-CoV-2 N peptide pool (2 ng/mL for each peptide) at 37 °C for 1.5 h. Then,
brefeldin A (BD, Franklin Lakes, NJ, USA) was added and incubated for 16 h at 37 °C. The
cells were harvested and stained with anti-mouse CD3-FITC, anti-mouse CD4-BB700, and
anti-mouse CD8-PE cy7 (BD, Franklin Lakes, NJ, USA) for 30 min, and protected from light
at room temperature. Then, the cells were fixed and permeabilized with cytofix/cytoperm
(BD, Franklin Lakes, NJ, USA) for 20 min, and protected from light at 4 °C. After being
washed with perm/wash (BD, Franklin Lakes, NJ, USA), the cells were stained with
anti-mouse IFN-y-APC, anti-mouse IL-2-BV605, and anti-mouse TNF-«-PE (BD, Franklin
Lakes, NJ, USA) for 1 h, and protected from light at 4 °C. Finally, the cells were washed
with FACS washing buffer (PBS supplement with 2% heat-inactivated FBS) three times
and resuspended in PBS. The data were obtained with Beckman CytExpert software and
analyzed using Flow]o software (version 10.8.1).

2.8. CFSE-Based Proliferation Assay

Mouse splenic lymphocytes were resuspended at 1 x 10°/mL in 0.1% FBS/PBS and
incubated at 37 °C for 10 min with 0.2 uM CFSE (ThermoFisher, Waltham, MA, USA).
An equal volume of ice-cold RPMI 1640 was added and an ice bath was run for 5 min to
terminate the staining. After the addition of serum and washes with RPMI 1640, cells were
resuspended at 1 x 10° cells/mL and plated into 48-well U-bottom plates at 500 LL volumes
and simulated with a SARS-CoV-2 N peptide pool (2 pg/mL for each peptide). After being
simulated for five days, cells were harvested and washed with FACS washing buffer and
stained with anti-mouse CD3-PE, anti-mouse CD4-BB700, anti-mouse CD8-PE-Cy7, and
fixable viability stain 780 (BD, Franklin Lakes, NJ, USA). Cells were washed and a flow
cytometric analysis was conducted using Beckman CytExpert. The data were analyzed
using FlowJo software (version 10.8.1).
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2.9. Statistical Analysis

Graphical presentations and statistical analyses were performed using GraphPad
Prism software version 8. Statistical significance was calculated using ANOVA with Holm-
Sidak multiple comparisons tests. * p < 0.05; ** p < 0.01; *** p < 0.001; *** p < 0.0001.

3. Results
3.1. Functional Targeting of SARS-CoV-2 N-LC3b Fusion Antigen to Autophagosomes/
Lysosomes/MHC II Compartments Signal Pathway

We designed and constructed a series of recombinant DNA vectors carrying the
mouse LC3b gene, SARS-CoV-2 N gene, and SARS-CoV-2 N-LC3b fusion gene, respectively
(Figure 1A,B). Using anti-SARS-CoV-2 N antibodies to recognize the SARS-CoV-2 N-LC3b
fusion proteins, we confirmed the appropriate protein expression of these constructs by
Western blotting assay (Figure 1C).
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Figure 1. The SARS-CoV-2 N-LC3b fusion protein was effectively processed by autophagy pathway
and presented to MHC II. (A) Schematic representation of constructs carrying various combinations
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of mouse LC3b gene or SARS-CoV-2 under the CMV promoter denoted as pVAX-LC3b, pVAX-N,
and pVAX-N-LC3Db, respectively. (B) The plasmids were identified by HindlII, Xbal digestion. Lanel:
DNA marker, 10,000, 8000, 6000, 5000, 4000, 3000, 2000, 1000, 750, 500, 250, 100 bp. Lane2: pVAX-LC3b;
Lane3: pVAX-N; Lane4: pVAX-N-LC3b. (C) The protein expression was detected using anti-SARS-
CoV-2 N antibodies and anti-GAPDH antibodies, respectively. The molecular weight of N protein:
46KDa; the molecular weight of N-LC3b fusion protein: 60KDa. (D) HeLa cells were co-transfected
with pVAX-LC3b and pVAX-N or pVAX-N-LC3b plasmid with or without CQ (75 uM) treatment, and
then stained with rabbit anti-LC3b IgG antibody and mouse anti-Flag IgG antibody. Subsequently,
Cy3-labeled goat anti-mouse IgG (red fluorescence) and Alexa Fluor 488-labeled goat anti-rabbit IgG
(green fluorescence) secondary antibodies were used; (E) Hela cells were transfected with pVAX-N,
and pVAX-N-LC3Db, respectively, and treated with RAPA (100 nM) or CQ. The protein expression
was detected using anti-SARS-CoV-2 N antibodies and anti-mouse LC3b antibodies. GAPDH blots
demonstrated that the overall protein was not affected after CQ and RAPA treatment. (F) HeLa cells
and (G) DC2.4 cells were transfected with pVAX-N, pVAX-N-LC3b with CQ treatment, and then
stained with mouse anti-LAMP-2 IgG antibody or mouse anti-MHC II IgG antibody and rabbit anti-
Flag IgG antibody. Subsequently, Cy3-labeled goat anti-rabbit IgG (red fluorescence) and Alexa Fluor
488-labeled goat anti-mouse IgG (green fluorescence) secondary antibodies were used; the nucleus
was stained with DAPI (blue fluorescence). The scale bar represents 20 um. N: nucleocapsid protein.
LC3b: microtubule-associated protein 1 light chain 3 beta. RAPA: rapamycin. CQ: chloroquine. The
data represent three independent experiments.

We next investigated the subcellular localization of the SARS-CoV-2 N protein in
the presence or absence of LC3b protein fusion using confocal microscopy. HeLa cells
were co-transfected with pVAX-LC3b, pVAX-N-Flag, or pVAX-N-LC3b-Flag, and our re-
sults showed that the autophagosomes (green puncta) were co-localized with the N-LC3b
fusion protein (red puncta) after being treated with CQ, which can block the fusion of
autophagosomes with lysosomes, and thereby enable the visualization of the accumulation
of autophagosomes (Figure 1D, bottom). However, the location of the N protein was
significantly different from that of the N-LC3b fusion protein. The N protein alone was
distributed homogenously throughout the cytoplasm whether CQ existed or not, and the
autophagosomes (green puncta) were not co-localized with the N protein (red puncta)
(Figure 1D, top). Moreover, the expression of the N-LC3b protein was significantly de-
creased after RAPA treatment, which can induce autophagic flux, and it obviously in-
creased after CQ treatment, which might be attributed to CQ blocking the autophagy-
mediated degradation of the N-LC3b protein, but the expression of the N protein alone
was not changed after CQ treatment or RAPA treatment (Figure 1E). Subsequently, we
also found that the N-LC3b protein was co-localized to LAMP II, which is a marker of
endosomes/lysosomes (Figure 1F). To further verify whether the degradation of N-LC3b
could be presented to the MHC II compartments, DC2.4 cells were transfected with pVAX-
N and pVAX-N-LC3b, respectively, and then subjected to an immunofluorescence assay.
The results showed that the N-LC3b protein was effectively co-localized to the MHC 1II
compartments (Figure 1G). Taken together, these data demonstrated that the N-LC3b fusion
protein can be functionally targeted to autophagosomes, processed by autophagy-mediated
degradation in autolysosomes/lysosomes, and then presented to MHC II compartments
for eliciting the subsequent adaptive immunity.

3.2. Enhancement of SARS-CoV-2 N Antigen-Specific T Cell Immune Responses by the N-LC3b
Fusion Antigen

Then, we evaluated the immunogenicity of the N-LC3b fusion antigen in vivo. Mice
were randomly allocated to four groups, including pVAX-Empty, pVAX-LC3b, pVAX-N,
and pVAX-N-LC3b, and the antigen-specific antibodies and T cell immune responses were
detected after immunization (Figure 2A). Our results demonstrated that the N antigen-
specific T cell immune responses in the pVAX-N-LC3b group were greatly enhanced
compared to the pVAX-N group. Of note, 1144 specific spot-forming cells (SFCs) per
10° spleen lymphocytes against SARS-CoV-2 N peptide pools were observed after the
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pVAX-N-LC3b immunization, which was 8.28 times higher than that in the pVAX-N group
(Figure 2B). Meanwhile, the total frequencies of IFN-y* or TNF-o* CD8* T cells, responding
with N-specific peptide pools in the pVAX-N-LC3b group, were significantly higher than
those in the pVAX-N group (Figure 2C). Furthermore, the induction of polyfunctional
T cells secreting multiple cytokines was also analyzed in this study (Figure 2D), and
the results showed that there was a higher frequency of polyfunctional CD4" T cells
(Figure 2E) and CD8* T cells (Figure 2F) in the pVAX-N-LC3b group than that in the pVAX-
N group. Overall, these results demonstrated that the N-LC3b fusion antigen elicited a
potent antigen-specific CD4* T and CD8" T cellular immunity, with enhanced magnitude
and polyfunctionality.
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Figure 2. The SARS-CoV-2 N antigen-specific T cell immune responses in response to the N-LC3b
fusion antigen. (A) The schedule of immunization experiment in mice. (B) The column showed the
SARS-CoV-2 N-specific SFCs per 1 x 10° spleen lymphocytes as measured by IFN-y ELISPOT assay.
The bottom of the graph showed the original picture for our ELISPOT assay (2.5 x 10° cells per
well). (C) The frequencies of total IFN-y, TNF-¢, or IL-2 cytokine-positive CD4" T cells (left) and
CD8" T cells (right). (D) The graph represented the gating strategy of polyfunctional T cells analysis.
Multiple cytokines-positive CD4* T cells (E) and CD8" T cells (F) were analyzed by multicolor flow
cytometry. Two independent experiments for animal immunization were repeated. The data were
shown as the mean =+ SD for each group (1 = 5). ns: no significance. * p < 0.05, ** p <0.01, *** p < 0.001,
** p < 0.0001, ns: no significance.
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3.3. Enhancement of SARS-CoV-2 N Antigen-Specific T Cell Proliferation by the N-LC3b
Fusion Antigen

Recent studies demonstrated that SARS-CoV-2 specific CD4" T and CD8" T cells in
COVID-19 convalescent individuals had strong ex vivo proliferation capacities, implying
that the induction of T lymphocyte proliferation should be an important immunological
parameter to evaluate an effective COVID-19 vaccine candidate. We, therefore, evaluated
the SARS-CoV-2 antigen-induced proliferation capacity in response to the N-LC3b fusion
antigen immunization. The fresh splenocytes from the immunized mice were labeled with
CFSE and stimulated for 5 days with N-specific peptide pools, and then analyzed using flow
cytometry. The percentage of CFSE low cells of both CD3* CD4* T cells (Figure 3A) and
CD3* CD8* T cells (Figure 3B) in the pVAX-N-LC3b group exhibited a significant increase
compared to that in the pVAX-N group. Thus, the N-LC3b fusion antigen effectively
induced an improved proliferation capacity of the antigen-specific CD3" CD4" T and CD3*
CD8* T lymphocytes, which is important for long-lasting immune protection.
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Figure 3. SARS-CoV-2 N antigen-specific T cell proliferation detected by CFSE-based staining. The
scatter plot showed the proliferation capacity of CD3" CD4* T cells (A) and CD3* CD8" T cells (B)
in response to SARS-CoV-2 N peptides stimulation or DMSO stimulation (mock). The CFSE-low
cells (lower fluorescence intensity) represent these daughter cells after cell proliferation. Columns
represent the percentage of N-specific CFSE-low cells in response to stimulation (subtracted by the
mock). These data were shown as the mean =+ SD for each group (n = 5). ** p < 0.01, *** p < 0.001,
ns: no significance.

3.4. Induction of Th1-Biased Immunity by the N-LC3b Fusion Antigen

Furthermore, we also detected the humoral immune responses elicited by our strategy.
Our result showed that both the N antigen and the N-LC3b fusion antigen could effectively
induce the IgG antibody immune responses (Figure 4A). Moreover, we analyzed the
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Total IgG

subclass of these IgG antibodies. In mice, IgG1 is a marker of a Th2-biased immune
response, while IgG2a and IgG2c antibodies represent a Thl-biased immune response.
We found that the pVAX-N immunization mainly induced the IgG1, IgG2a, and Ig2c
antibodies, of which the IgG1 antibody was the most induced. However, the pVAX-N-LC3b
preferentially induced the IgG2a antibody (Figure 4B-D). The ratio of IgG1/IgG2a showed
that the N-LC3b fusion antigen induced a Th1-biased immune response in mice (Figure 4E).
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Figure 4. Induction of Thl-biased immunity by the N-LC3b fusion antigen. Sera (at diluted 1:25) of
the immunized mice on day 28 were analyzed for the SARS-CoV-2 N specific total IgG (A), IgG1 (B),
IgG2a (C), or IgG2c (D) subclass antibodies. (E) The ratio of IgG1/IgG2a. The data were shown as
the mean + SD for each group (n =5). * p < 0.05.

4. Discussion

The accumulating data have shown that T cells play a pivotal role in fighting SARS-
CoV-2 infection, and, most likely, in forming immunological memory following recovery
from COVID-19 [31]. Some recovered COVID-19 patients had robust SARS-CoV-2 specific
T cell immune responses but no obvious SARS-CoV-2 neutralizing antibody was detected,
implying the importance of T cell immunity in controlling COVID-19 progression [15].
More importantly, T cell-mediated immunity can effectively play a critical role against viral
variants, which can rapidly escape immune recognition by neutralizing antibodies [32].
T cells differentiate into effector cells by specifically recognizing the MHC-antigen pep-
tide complex presented by antigen-presenting cells. Classically, the endogenous antigen
peptides binding with MHC class I molecules are recognized by CD8* T cells, while the
exogenous antigen peptides degraded by the lysosomal pathway binding with MHC class
IT molecules are recognized by CD4* T cells. In addition, antigen-presenting cells might
also process exogenous antigens to CD8* T cells via the MHC class I pathway but not CD4*
T cells, also known as cross-presentation. Interestingly, macroautophagy can have a cross-
presentation function to deliver some endogenous proteins to MHC class II molecules and
thus enhance the adaptive T cell immune responses [33,34]. Both our work and the other
group’s study showed that the antigen design by fusing autophagy-associated protein LC3b
effectively elicited a robust immune response against influenza, Mycobacterium tuberculosis
(Mtb), and simian immunodeficiency virus (SIV) infections [34,35]. Consistent with these
findings, we herein found that when compared to N antigen alone, the N-LC3b antigen
was more effectively targeted to the autophagosome/lysosome/MHC II compartment
signal pathway, and effectively elicited the stronger polyfunctional CD4" and CD8" T cell
immune responses in mice.
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Another notable observation is that the pVAX-N immunization induced a Th2-biased
immune response, while the pVAX-N-LC3b immunization induced a Thl-biased immune
response. An effective COVID-19 vaccine should induce the “right” antibodies and T cell
responses because the “wrong” antibodies might increase the risk of immunopathologies.
For example, some case reports indicated that patients with high SARS-CoV-2 IgG levels
were more likely to develop severe disease [36]. Moreover, the potential risks of antibody-
dependent enhancement (ADE) and enhanced respiratory disease (ERD) has been observed
in animal models when immunized with some COVID-19 vaccines [37], which mainly
induced the Th2-biased immune responses [38]. Although these immunized mice had
significantly lower viral load after the SARS-CoV-2 challenge, they also had an eosinophilic
infiltrate into the lungs, which was accompanied by ERD-related immunopathology in
lung tissue [39]. Interestingly, our strategy can regulate the bias of the Th1/Th2 immune
responses, as revealed by the inverted ratio of the IgG1/IgG2a subclass induced by the
N-LC3b fusion antigen when compared to N antigen alone. In addition, the cytokine
profile of splenocytes from the pVAX-N-LC3b immunized mice also supported a preferable
Thl-biased immune response.

Our strategy induced the promising immunogenicity of the novel COVID-19 vac-
cine candidate in mice, but there are some limitations. For instance, we only used the
DNA-based vaccine to verify this hypothesis as a model; other strategies including an
mRNA-based vaccine and viral-vector-based vaccine might be more suitable to deliver
this designed antigen to elicit a more robust immune response. In addition, the protective
efficacy against SARS-CoV-2 infections was not evaluated in this study because of our
limited resources for the high-level biosafety laboratory. In conclusion, we developed a
simple and effective strategy to induce a potential SARS-CoV-2 specific T cellular immunity
with enhanced magnitude, polyfunctionality, and proliferation by targeting the autophagy-
mediated signal pathway, and our findings warranted a further study on protection efficacy
in an animal infection model as a novel T cell-based COVID-19 vaccine candidate. In addi-
tion, this N-LC3b fusion protein is a promising component in the prime/boost vaccination
strategy to elicit a balanced Th1/Th2 immunity against SARS-CoV-2 infection.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/v15061316/s1, Table S1: Primer Sequences.
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Abstract: Anti-cytokine autoantibodies and, in particular, anti-type I interferons are increasingly
described in association with immunodeficient, autoimmune, and immune-dysregulated conditions.
Their presence in otherwise healthy individuals may result in a phenotype characterized by a
predisposition to infections with several agents. For instance, anti-type I interferon autoantibodies are
implicated in Coronavirus Disease 19 (COVID-19) pathogenesis and found preferentially in patients
with critical disease. However, autoantibodies were also described in the serum of patients with
viral, bacterial, and fungal infections not associated with COVID-19. In this review, we provide
an overview of anti-cytokine autoantibodies identified to date and their clinical associations; we
also discuss whether they can act as enemies or friends, i.e., are capable of acting in a beneficial
or harmful way, and if they may be linked to gender or immunosenescence. Understanding the
mechanisms underlying the production of autoantibodies could improve the approach to treating
some infections, focusing not only on pathogens, but also on the possibility of a low degree of
autoimmunity in patients.

Keywords: antiviral immunity; autoantibodies; COVID-19; cytokines; interferons

1. Introduction

In the 20th century, latent infections in asymptomatic individuals were yet to be well
studied and further elucidated. This issue led to the recognition that most infectious agents
are lethal for only a small percentage of infected individuals. There is no doubt that an
infectious agent is necessary to trigger clinical disease; however, it is just as indisputable
that the bacteria, fungi, viruses, and parasites are far from being the only responsible cause
of severe disease or death. Therefore, one of the main questions is as follows: what are
the characteristics for which a patient suffering from an infectious disease could be life
threatening? The enormous interindividual clinical variability observed in most infections
appears to be due to genetic and immunological determinants [1]. Apart from genetic
background, the great diversity of the human immune system, which is forged based on
age, gender-related behaviors, diet, environmental exposure, and microbiome, is a powerful
defense against opportunistic pathogens; however, at the same time, it can be the substrate
on which immune-associated diseases develop [2].

One of the most important immunological mediators in the natural defense against
infectious agents is the group of interferons (IFNs). They are potent cell growth regulators
with immunomodulatory activity, but are best known for their antiviral activity [3].

A common phenomenon reported in many globally relevant infections is autoimmu-
nity, with infections and other highly inflammatory diseases being associated with the
presence of autoantibodies (aAbs). Therefore, aAbs can be broadly divided into “common”
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types that are found in apparently healthy individuals and that, through binding a vari-
ety of microbial components, provide the first line of defense against infections [4], and
“pathogenic” types, which contribute to various immune-mediated diseases.

The large number of studies that previously focused on aAbs targeting cellular anti-
gens, such as dsDNA and lipids, but also immune molecules, such as cytokines, underscores
the importance that autoimmunity can play during infections. The role played by aAbs
during specific infections is beginning to be an emerging topic of interest, especially after
the discovery that anti-type I IFNs (IFN-I) aAbs play a fundamental role in the evolution of
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection [5].

The aim of our paper is to review the functional properties of aAbs produced against
cytokines, looking at IFNs in particular, which are important anti-infective components of
the immune system, in order to enhance understanding of their role in old and emerging
infectious diseases.

2. Production of aAbs
2.1. Types of aAbs

The production of antibodies (Abs) is a vital way in which the adaptive immune system
works either to recognize and neutralize or eliminate antigens and pathogens. Although
thought to be absent in healthy individuals, due to the immune tolerance mechanism [6],
the common Abs that react with self-molecules are found in healthy subjects [7]. They
also fulfill the definition of aAb since they are self-reactive, rather than self-specific, and
characterized by a broad reactivity directed against well-conserved public epitopes [8].

A type of common aAbs can be generated when molecules of infectious agents share
similarity with foreign and self-peptides. Through a mechanism defined as “molecular
mimicry” [9], these proteins may activate self-reactive T or B cells, thus producing cross-
reactive Abs. For instance, the Abs produced against a viral phosphoprotein of measles or
type 1 Herpes simplex viruses (HSV) cross-react with an intermediate filament protein of
human cells [10]. Similarly, the significant sequence homology between Coxsackie virus
P2-C protein and glutamate decarboxylase in humans may trigger type 1 diabetes [11],
while ankylosing spondylitis, systemic lupus erythematosus (SLE), and Lyme disease may
be induced by antigens such as pulD from Klebsiella sp., OSP-A from Borrelia sp., and
nuclear antigen-1 from Epstein—Barr virus [12,13]. More recently, others potential molecular
mimicry candidates were identified using bioinformatics techniques [14,15].

Another class of aAbs includes those defined as “natural” because they are present in
the blood without any evident antigenic stimulation. Accordingly, this type of aAbs was
even identified in mice raised under germ-free conditions [16]. Unlike adaptive Abs, these
aAbs are synthesized by CD20+CD27+CD43+CD70—B1 lymphocytes and marginal-zone B
cells [17,18] and do not undergo affinity maturation via antigen stimulation or extensive
somatic mutation [19]. Their functions are not clear, though they may play a role in the
maintenance of immune homeostasis, regulation of the immune response, resistance to
infections, and transport and functional modulation of biologically active molecules [19,20].

The presence of aAbs rarely induces improvement in the disease, except in the cases
of anti-cytokine aAbs associated with mild autoimmune diseases or specific anti-cancer
aAbs that can be found in cancer patients with better survival [21-25]. On the contrary,
they often cause adverse effects, playing a major role in several infectious, autoimmune,
cardiovascular, neurological, and neurodegenerative diseases, as well as in metabolic
dysfunction and cancers [26-33].

Anti-cytokine aAbs were initially described in an increasing number of primary
immunodeficiencies with autoimmune features, especially autoimmune polyendocrine
syndrome type I (APS-1), which is a disease of defective T cell-mediated central tolerance.
However, these aAbs were proposed as an emerging alternative pathological mechanism
leading to impaired immune response and susceptibility to infections.
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2.2. Anti-Cytokine aAbs

In recent years, life-threatening diseases caused by anti-cytokine aAbs received
widespread attention. Anti-cytokine aAbs found in healthy individuals [34,35] often are not
strongly inhibitory, not necessarily associated with a respective neutralizing activity, and
typically detected at lower binding titers [36-39]. Therefore, they seem to be a physiologic
mechanism used to control the immune response [22]. In contrast, pathogenic anti-cytokine
aAbs, which are usually polyclonal IgGs, may affect cytokine biology through diminishing
or augmenting signaling or altering their half-lives in the circulation [22,38,40—-43]. Anti-
cytokines aAbs were found in patients with SLE, Sjogren’s syndrome, and rheumatoid
arthritis [43]. In addition, diseases due to aAbs targeting specific cytokines or cytokine
pathways, which are classified in a unique category termed “phenocopies of primary
immunodeficiency”, comprise acquired immunodeficiency characterized by the presence of
some anti-cytokine aAbs, notably to IFN-vy, interleukin (IL)-6, IL-17, IL-22, and granulocyte
macrophage colony stimulating factor (GM-CSF). These diseases were found in particular,
but not exclusively, in adult patients who showed phenotypic manifestations similar to
those that occur due to pathogenic variants in genes encoding for the specific cytokines,
their receptors, or molecules mediating cytokine signal transduction [44]. In addition, aAbs
against pro-inflammatory cytokines are also found in multiple sclerosis that affect young
adults [22]; however, their biological role is not yet clarified.

Anti-cytokine aAbs received great attention in recent years, especially in explaining
the enormous phenotypic variability in infections, as well as the different incidence and
inter-individual response variability. The development of several infectious diseases are
described to be associated with the presence of aAbs targeting a number of cytokines [45].
Anti-IL-2 aAbs were found in patients with human immunodeficiency virus (HIV) infec-
tion [46]. Anti-GM-CSF aAbs were detected in patients with cryptococcosis, nocardiosis,
non-tuberculous mycobacteria (NTM), and histoplasmosis [47,48], while anti-IL-6 aAbs
were associated with severe bacterial infections, such as Escherichia coli, Streptococcus in-
termedius, and Staphylococcus aureus [49], including staphylococcal sepsis [50]. IL-17A,
IL-17F, and IL-22 are considered important in mucosal immunity, principally in chronic
mucocutaneous candidiasis [51].

Therefore, the presence of anti-cytokine aAbs can have severe consequences and cause
highly varied manifestations.

Very recent anti-cytokine aAbs were found in >50% of critically ill patients with non-
SARS-CoV-2 infections, i.e., caused by other viral and fungal pathogens, as well as known
or suspected bacterial pathogens [52]. These aAbs were far more common in infected
versus uninfected patients and, importantly, were seen not only in multiple respiratory
viral infections, but also in the non-respiratory bacterial infections observed in patients
admitted to the intensive care unit (ICU). Moreover, while most of these aAbs were present
at the onset of infections, some can emerge over time and persist for at least 28 days
after infection.

3. Role of IFNs and Anti-IFN aAbs in Infectious Diseases
3.1. IFNs in Infectious Diseases

There are three families of IFNs (Table 1): IEN-I (mainly IFN-c, IFN-f3, and IFN-w),
IEN type II (IEN-IL; IFN-y), and IFN type III (IFN-III; IFN-A).
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Table 1. Types of IFNs.
Other Official Gene .
Designation Definition Chromosome Protein Receptor
Type I IFNs
IFNA1, IFNA2,
IFNA4, IFNAS5,
_Iol:i\l'_‘;’ '_‘;‘é’ IFNA6, IFNA?,
-a7, -8, -10, IFNA8, IFNA10, 19 kDa, 20 glycosylated,
IFN-alpha -a13, -l4 ENALLE 165-166 a, 188189 aa (human)
e o IFNA12P, IFNA13, ’
oo IFNA14, IFNA16,
* IFNA17, IFNA20P, [ENARI:
IFNA21, IFNA22P 9p21.3 IFNAR2,
IFN-beta IFN-3 IFNB1 20 kDa, 22 kDa glycosilated,
166 aa, 187 aa (human)
IFN-omega IFN-w IFNW1 22 kDa glycosilated, 187 aa, 195 aa
(human)
IFN-epsilon IFN-¢ IFNE 244 kDa, 187 aa, 208 aa (human)
IFN-kappa IFN-k IFNK 19 kDa, 182 aa 207 aa (human)
IFN-zeta IFN-C (limitin) 21.7 kDa glycosilated, 182 aa
IFN-tau IFN-t IENT 19-24 kDa, 172 aa
IFN-nu IFN-v IFNNP1 NA
Type IT IFN oals 17 kDa, 115-175 aa, 166 aa IFNGRI;
IFN-gamma IFN-y IFNG d (human) IFNGR2
Type III IFNs
IFN-lamda IEN-AT (IL-29) IENL1 21 kDa, 23-35 glycosilated, 200 aa
(human)
22 kDa, 24 glycosilated, 200 aa IFNLR1;
IFN-A2 (IL-28A IFNL2 19q13.2 /
( ) ! (human) IL-10R2
TFN-A3 (IL-28B) IFNL3 21 kDa, 24 glycosilated, 196 aa
(human)
IFN-M IFNL4 179 aa

Greatest amount of information was taken from Negishi et al. [53] and GeneCards®: The Human Gene
Database [54].

In humans, they constitute the first line of defense in response to invading pathogens.
Indeed, IFN-I signal transduction pathways were previously identified as a critical factor
limiting cytomegalovirus (CMV) infection and replication [55]. IEN-I contributes to the
control of latent HSV infections, especially those caused by Alphaherpesvirinae HSV and
varicella zoster virus (VZV). Similarly, it is crucial for HIV-1 infection of monocytes and
macrophages [56,57], and its deficiency is related to significant impairment of the immune
response during productive HIV-1 infection and infection latency [58]. Finally, dysreg-
ulation of the IFN-I signaling pathway by Mycobacterium tuberculosis (MT) also leads to
exacerbation of HIV-1 infection in macrophages [59]. These data underline the importance
of IFN-I responses towards HIV-1 infection [60] and, probably, in co-infections of HIV-
l-infected patients with CMV and MT. However, the effects of IFN-I on the outcome of
different infections are very complex, with both protective and detriment effects according
to type of micro-organism and types of IFNs involved [61]. One of most representative
examples is MT infection, for which IFN-I signaling demonstrated both pathogenic and
protective roles [62].

IFN-II, as a key player in driving cellular immunity, can orchestrate numerous protec-
tive functions to heighten immune responses during several infectious diseases. Indeed,
it has important immunomodulatory effects because it increases antigen processing and
presentation, enables leukocyte trafficking, induces an anti-viral state, boosts the antimicro-
bial functions, and affects cellular proliferation and apoptosis [63]. IFN-II is important in
endowing protection against bacterial infections, such as Chlamydia [64-66], Staphylococcus
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aureus [67], MT [68], NTM [69], Salmonella [70], and Listeria [71]. In addition, the protective
benefits of IFN-II can be observed in the context of viral infections because its production
via Natural Killer (NK) cells can successfully limit Hepatitis C virus proliferation in HIV-1-
infected patients [72], while IFN-II treatment enhances survival of neurons infected with
VZV [73]. Finally, IEN-II plays a pivotal role in host resistance to parasite invasions, which
happen during Leishmania and Toxoplasma infections [63].

The most recently found member of IFNs, IFN-III was originally thought to act in
parallel to IFN-I to activate compartmentalized antiviral responses [74]. Subsequent studies
provided increasing evidence for distinct roles for each IFN family [75], and it seems that
IEN-III can be also a critical instructor of antifungal neutrophil responses [76] and main
players in protecting intestinal cells against enteric virus infections [77].

3.2. aAbs against IFNs in Non-Infectious Diseases

During the initial stages of an infection, there is a balance between mechanisms that
promote or inhibit micro-organism invasion. Usually, the inhibiting mechanisms are able
to clear the infection; however, sometimes, some bacteria or viruses can emerge and evade
the host interferon response. The IFN response that helps host cells fight off invading
pathogens occurs in two phases: an initial intracellular phase, in which infected cells
produce IENs, and an intercellular phase, in which infection-induced IFNs are secreted into
the extracellular environment. Secreted IFNs bind to IFN receptors on surrounding cells,
leading to the synthesis of proteins and more IFNs and resulting in a rapid clearance of
pathogens [78]. When chronic, recurrent, hard-to-control, or unusually serious infections
of common pathogens compared with the normal population occur, a potential deficiency
in the IFN defense can be considered. Regardless of the type of IFN, the production of
high titers of anti-IFN aAbs in serum interrupts the activation of the downstream response
pathway through blocking the combination between IFNs and their receptor, resulting in
increased infection rates [45]. Therefore, anti-IFN aAbs occur in previously healthy people
who develop chronic, recurring, and difficult-to-control infections [45]. Although aAbs
neutralizing the activity of IFN-I were detected for the first time about four decades ago
in a 77-year-old woman with disseminated Herpes zoster virus [79], their presence was
considered clinically silent in the general population until the Coronavirus Disease 19
(COVID-19) pandemic caused by SARS-CoV-2.

There are multiple methods for detecting aAbs against, including preferentially neu-
tralizing assay [80], radioimmunoprecipitation and real time PCR [81], time-resolved
immunofluorometric assay [82], radioimmunoassay [83], magnetic-beads-based assay [84],
cell-based autoantibody assay (CBAA) [85], microarray-based assay [86], and homemade [5,87]
and commercially available enzyme-linked immunosorbent assays (ELISA). These methods
were developed and improved in recent years and are used principally to detect anti-IFN-I
aAbs for diagnostic purposes.

Anti-IFN aAbs were initially found in patients treated with IFN-« or IFN-f [88],
before being found in patients with chronic graft-versus-host disease following allogeneic
bone marrow transplantation [89], myasthenia gravis [90], or thymoma [91] as well as
in some women with SLE [43]. They were also previously detected in most patients
with APS-1 [92]; in some patients with combined immunodeficiency due to hypomorphic
recombination activating genes (RAG)-1 or RAG-2, Omenn’s syndrome, leaky severe
combined immunodeficiency, T-cell lymphopenia, and ataxia-telangiectasia [93]; in men
with X-linked enteropathic polyendocrine immunodysregulation and forkhead box P3
(FOXP3) mutations [94]; and in women with incontinentia pigmenti and heterozygous
“null” mutations in X-linked NEMO syndrome [5].

The biological mechanism behind anti-IFN-II aAbs’ role in diseases remains unclear.
Several studies showed that they are able to block the binding of IFN-y to its receptor, which
inhibits the early signal transduction, as well as the downstream biological consequences
of IFN-II binding, which include the upregulation of tumor necrosis factor (TNF)-o and
IL-12 production [95]. Accordingly, neutralizing anti-IFN-II aAbs are the cause of adult-
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onset immunodeficiency (AOID) and the associated Sweet syndrome [96], which are both
characterized by the increased risk of opportunistic infections (Ols), as reported in the next
chapter. The anti-IFN-II aAbs present in some healthy subjects did not show neutralizing
activity or effects on IL-12 production [97].

To our knowledge, anti-IFN-IIT aAbs have so far only been studied in patients with
rheumatologic diseases; however, in these patients, they did not exhibit neutralizing
activity [43].

3.3. aAbs against IFNs in Infectious Diseases

IFNs have immunoregulatory functions during infection and immune responses, and,
accordingly, defective activity of IFNs significantly contributes to infections’ severity [1]. In
particular, since IFN-I play a role in tightening barriers at mucosal interfaces, Abs that neu-
tralize its activity can be linked with a negative outcome during respiratory infections [98].

It should be emphasized that aAbs directed against human IFN-o were first observed
in a patient with VZV in 1981 [99]; only 20 years later, they were described in relation
to the emergence of anti-IFN-I aAbs in HCV-infected patients during IFN-« treatment.
Moreover, their presence was predictive of breakthrough despite an initial response to
treatment, suggesting the pathogenic role of these aAbs in the loss efficacy of IFN-«
therapy and HCV reactivation [100,101]. After a further 20 years, scientific interest moved
to the role of anti-IFN aAbs in the course of respiratory infections. Indeed, recent data
reported that neutralizing anti-IFN-I aAbs (against IFN-«2 alone or with IFN-w) can be
involved in critical influenza pneumonia, as they are present in about 5% of cases of life-
threatening respiratory infections. After adjustments for age and sex, the presence of high
concentrations of both IFN-o2- and IFN-w-neutralizing aAbs were found to induce the
highest risk of critical influenza pneumonia in patients <70 years old [102]. Similarly, these
aAbs seem to play a role in complicating the severe respiratory syndrome, with a high
fatality rate caused by Middle East respiratory coronavirus (MERS CoV) recorded. The
93.3% of MERS CoV-infected patients with anti-IFN-I aAbs (IFN-«2, IFN-{3, and/or IFN-w)
were critically ill and needed to be admitted to the ICU, compared to just 66% of patients
without aAbs. However, the presence of anti-IFN-I aAbs was not associated with different
clinical outcomes or responses to treatment with IFN-1b or antiviral drugs [103].

On the contrary, a low incidence (1.1%) of anti-IFN-I aAbs was found in a cohort of
critically ill patients with acute respiratory failure. The study, however, included patients
with both infectious (rhinovirus, influenza, parainfluenza, and seasonal coronavirus in-
fections) and non-infectious etiologies [104]. The importance of anti-IFN-I aAbs during
infections with severe pulmonary involvement was confirmed based on the fact that no
increased prevalence of neutralizing anti-IFN-I aAbs were found in patients with idiopathic
pulmonary fibrosis compared with general population [105].

IEN-I seems have a role during Flaviviruses infections, including those caused by
yellow fever virus (YFV), dengue, West Nile, and Zika viruses [98], though no studies were
performed that searched for anti-IFN-I aAbs during these emerging infections. However,
anti-IFN-I aAbs were detected in one third of subjects with severe adverse events following
vaccination for YFV, albeit only for vaccinations that used an attenuated alive virus. High
titers of circulating aAbs against at least 14 of the several IFN-I were found. The authors
demonstrated their IFN-I-neutralizing activity in vitro, blocking the protective effect of
IFN-a2 against YFV vaccine strains [106]. Of interest is the potential link between the
presence of anti-IFN-I aAbs and possible reactivation of latent virus infections, particularly
HSV (CMV, HSV-1/2, or both) in critically ill COVID-19 patients [107].

Finally, our group found an elevated prevalence (11.6%) of anti-IFN-I aAbs in HIV-
1l-infected patients with Ols (neutralizing activity was not determined); however, no sta-
tistically significant differences were found for viro/immunological characteristics (CD4
and CDS cell counts and viral load) between patients with and without anti-IFN-I aAbs
(submitted). While the anti-IFN-II aAbs were first identified in a group of HIV-infected
patients [40], those with neutralizing activity were first described in 2004 in the context of
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selective susceptibility to NTM infection [108]. Accordingly, neutralizing anti-IFN-II aAbs
were detected in 88% of patients with multiple OIs in Asia [109] and in 62% of subjects
with disseminated NTM and without HIV infection [110]. Nevertheless, the association
between their presence and intracellular infections, especially in the contest of the onset
of immunodeficiency, was clearly established years later. Indeed, it is well known that
anti-IFN-II aAbs play a critical role in the pathogenesis of AOID, which is also referred to as
AIDS-like syndrome [111], in which infectious diseases caused by opportunistic pathogens
were firstly reported in adults without known immunodeficiency. Although genetic factors
(HLA-DQB1*05:01 andHLA-DQB1*05:02) are associated with a very high risk of critical
AOQID and environmental exposure contributes to AOID, the autoimmunity caused by
anti-IFN-II aAbs is critical for the syndrome’s pathogenesis. It is also known that anti-IFN-II
aAbs titers were strongly associated with the severity of infections, which was related to
their neutralizing activity [112].

Recent findings confirmed the presence of IFN-II aAbs in the course of disseminated
NTM disease, non-typhoid Salmonella, Cryptococcus, and VZV infections, particularly in
Asian populations with AOID [113]. Interestingly, NTM is the most common pathogenic
micro-organism in patients with AOID showing high titers of anti-IFN-II aAbs [113]. High
titers of highly neutralizing anti-IFN-II aAbs were also reported by several groups in
sporadic cases of disease caused by low-virulence Mycobacteria and MT, as well as after
Bacillus Calmette—-Guérin vaccination [44]. An association between anti-IFN-II aAbs and
infections caused by other opportunistic pathogens, including those caused by other
bacteria, e.g., Burkholderia, fungi, e.g., Penicillium, Histoplasma, and Candida sp., and viruses,
in particular VZV and CMYV, were also described in other studies [114,115].

To our knowledge, the presence of anti-IFN-III aAbs were described in patients with
non-SARS-CoV-2 respiratory infections, where they seemed to display a neutralizing
activity [52].

3.4. aAbs against IFN-I in COVID-19

The COVID-19 pandemic began at the end of January 2020, causing almost 7 million
deaths worldwide and more than 680 million infections [116]. SARS-CoV-2 can cause infec-
tions of very different severities, ranging from asymptomatic forms to extremely serious
cases that require hospitalization in ICU and cause death [117]. As IFNs represent the
first line of defense during the early phase of viral infection, the levels of these cytokines
were described as relevant in determining the outcome of SARS-CoV-2 infection. In par-
ticular, low levels of IFNs in the lungs or peripheral blood renders SARS-CoV-2 capable
of evading innate recognition [118-120]. IFN-I levels may change due to many factors,
i.e., age [121], gender [122], genetic defects in IFN-related encoding genes [123], and the
presence of neutralizing anti-IFN-I aAbs [5]. Up to 10% of elderly patients were positive
for anti-IFN-I aAbs (neutralizing IFN-«2, 3 and/or w); this percentage may increase with
COVID-19 severity [5,124,125]. The presence of anti-IFN-I aAbs mainly correlates to sever-
ity of COVID-19 in males over 65 years old [87,126]. Many compelling studies confirmed
the link between anti-IFN-I aAbs and COVID-19 severity (Table 2).

Table 2. Number and percentage of positive samples for anti-IFN-I aAbs.

Neutralizing g
COVI].)_H Numbers Country IFN-I aAbs Tested Activity Total Percentage Publication Reference
Gravity R Year
against IFNs
Recovered 19 . IFN-« No 5 26.3
Severe 18 Colombia IFN-o No 3 167 2021 [127]
All 172 USA IFN-o and IFN-w Yes 9 52 2021 [128]
All 210 The IFN-a and IFN-w No 35 17 2021 [129]
All 35 Netherlands IFN-« and IFN-w Yes 6 17
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Table 2. Cont.

Neutralizing o .
COVI].)_H Numbers Country IFN-I aAbs Tested Activity Total Percentage Publication Reference
Gravity R Year
against IFNs
Severe 47 IFN-« and IFN-w 10 ng/mL 5 10.6
Critical 16 . IFN-« and IFN-w 10 ng/mL 3 18.7
Severe 47 Spain IFN-B 10 ng/mL 0 0 2021 [130]
Critical 16 IFN-B 10 ng/mL 0 0
Convalescent 116 TFN- No 4 3.0
Convalescent 116 Usa IFN-« and IFN-w 10 ng/mL 2 15 2021 [131]
Critical 26 France IFN-o and IFN-w Yes 8 30.7 2021 [132]
Severe 44 IFN-«, IFN-w and Yes 2 45
Critical 135 Ttaly IFN-B Yes 23 17 2021 [133]
IFN-& No 21 25
Severe 84 France IFN-« and TFN-w Yos 15 18 2021 [134]
Severe 623 IFN-o and IFN-w 10 ng/mL 22 3.53
Critical 3136 IFN-« and IFN-w 10 ng/mL 307 9.8
Severe 522 . IFN-« and IFN-w 100 pg/mL 34 6.5
Critical 3595 Consortium  1EN 3 and IFN-w 100 pg/mL 489 13.6 2021 (871
Severe 187 IFN-B 10 ng/mL 0 0
Critical 1773 IFN-B 10 ng/mL 23 1.3
All 8 USA IFN-« and IFN-w No 1 12.8 2021 [135]
N/A 51 [GJSA and TFN-« No 23 45 2021 [136]
ermany
Severe 102 IFN-a 10 ng/mL 6 6
Critical 26 Several IFN-« 10 ng/mL 5 19 2021 [137]
Critical 275 . no 49 17.8
Critical 275 Spain IFN-oc and TFN-w 10 ng/mL 26 9.5 2021 [138]
Severe 49 USA IFN-o and IFN-w Yes 8.2 2021 [139]
Critical 86 Russia IFN-« and IFN-w No 10.5 2021 [140]
Critical 47 France IFN-o and IFN-w Yes 2 42 2022 [141]
IFN-« and IFN-w no 107 77
Critical 139 Erance IFN-o and IFN-w 10 ng and 1 79 2022 [142]
100 pg/mL
IFN-3 10 ng/mL 0 0
Deceased 11 IFN-c, IFN-w 10 ng/mL 6 55
Severe 70 Russia IFN-x no 13 18 2022 [143]
Severe 97 The Yes 7 7
Fatal 38 Netherlands IFN-o Yes 5 13 2022 [144]
Severe 52 Belgium IFN- ? 8 15.3 2022 [145]
IFN-« No 27 7.5
IFN- Yes 13 3.6
All 360 Italy N No 3 103 2022 [146]
IFN-B Yes 1 0.3
Critical 237 Germany IFN-o and IFN-w Yes 18 7.5 2022 [147]
Severe 235 IFN-a and IFN-w 10 ng/mL 5 2.1
Critical 170 IFN-« and IFN-w 10 ng/mL 10 59
Severe 235 Japan IFN-ocand IFN-w0 100 pg/mL 6 26 2022 [148]
Critical 170 IFN-o and IFN-w 100 pg/mL 18 10.6
IFN- d IFN- 11 10.7
Critical 103 Switzerland “Iligﬁ @ i’,: 0 0 2022 [107]
Severe/ 16 IFN-« 102 pg/mL 4 25
critical in 13 France IFN-w 102 pg/mL 4 31 2022 [149]
SLE 12 IFN-B 10* pg/mL 2 17
Critical 925 France IFN-« and IFN-w Yes 96 10.3 2022 [124]

SLE: Systemic lupus erythematosus.
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In a recent meta-analysis including more than 7700 patients, the positive rate of anti-
IFN-I aAbs was found to be 5% (95% CI, 3-8%); however, this rate reached 10% (95% CI,
7-14%) when analysis was restricted to patients with severe infections [150].

The evidence that anti-IFN-I aAbs are capable of altering the course of COVID-19
through perturbing the immune response to SARS-CoV-2 and tissue homeostasis was also
provided through data obtained regarding these aAbs with mouse surrogates, which led to
increased disease severity in a mouse model of SARS-CoV-2 infection [128].

Nonetheless, different data are provided by a recent investigation that demonstrated
the presence of autoreactive polyclonal B-cell activation and aAbs production, but did not
demonstrate a correlation between anti-IFN-I aAbs levels and COVID-19 severity [151].
These conflicting results could be explained via different assays used to detect aAbs with
high or low affinity, different patient populations tested, or the different contribution to
disease outcomes of pre-existing or infection-induced neutralizing anti-IFN-I aAbs.

We also studied whether the presence of anti-IFN-I aAbs could have a role in SARS-
CoV-2 breakthrough infections in vaccinated patients. Breakthroughs were reported world-
wide, with most of them being asymptomatic or mild cases; the few breakthrough critical
cases were mainly described in immune-depressed patients. A total of 20% of these break-
throughs can occur in patients with normal antibody response to the vaccine who also
carry aAbs neutralizing IFN-«2 and/or IFN-w [87].

Finally, the presence of anti-IFN-I aAbs was previously proposed as a possible driver
of post-acute COVID-19, which is also known as “long COVID” [152-154], in which a
persistent immune response seems be the inducing mechanism [155]. However, anti-
IFN-«2 aAbs were uncommon in long-COVID patients [156].

Until now, the relationship between anti-IFN-II aAbs and COVID-19 severity was
little explored. Only a pilot study in Taiwan described the presence of anti-IFN-II aAbs
with neutralizing activity in the 18% of COVID-19 patients with severe/critical illness.
The prevalence was statistically higher compared with non-severe COVID-19 patients or
healthy controls. Moreover, median titers of anti-IFN-II aAbs were higher in severe/ critical
patients than in patients with mild /moderate disease or healthy controls [157].

Anti-IFN-III aAbs were recently detected via the Molecular Indexing of Proteins
by Self-Assembly technology in patients with life-threatening COVID-19, though they
were not detected in plasma samples of healthy subjects or convalescent plasma from
non-hospitalized individuals with COVID-19 [158].

4. Significance of the Production of aAbs against IFNs
4.1. Is There a Gender Bias for aAbs Production?

Recent results demonstrated that aAbs production among healthy subjects did not
show a gender bias because the median numbers and the weighted prevalence of 77 com-
mon aAbs were similar between males and females [159]. This result stands in contrast to
the evidences that autoimmune diseases disproportionally affect females compared with
males. While the risk of contracting autoimmune diseases is up to four times greater in
women than in men, the mechanism for this sex bias is still obscure. Several hypothe-
ses were previously proposed, including that women have an evolutionarily conserved
tendency toward an enhanced activation of B cells resulting in higher levels of antibody
production, which may be responsible for the increased incidence of antibody-driven au-
toimmune diseases [160]. This suggestion agreed with the fact that autoimmune diseases
in females are associated with antibody-mediated pathology, whereas in males they are
preferentially associated with acute inflammation [161].

Gender differences in circulating anti-cytokines aAbs were observed in atherosclerosis,
with an upregulation of anti-TNF-«, anti-IL-1«, and anti-IL-1f IgG levels are more likely
to occur in female than in male patients [162]. Similarly, among patients with acquired
pulmonary alveolar proteinosis, which is an ultrarare autoimmune disease characterized
by accumulation of excess surfactant in the alveoli, leading to pulmonary insufficiency;,
men are predominantly affected (male:female ratio of 65:1), and high levels of aAbs that
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neutralize GM-CSF signaling were detected [163]. In addition, 10 of 14 patients with severe
disseminated NTB and no other evidence of immunodeficiency who produced anti-IFN-II
aAbs were females [164]. Finally, only 2.6% of females with life-threatening COVID-19
showed anti-IFN-I aAbs, compared to 12.5% of males [5]. In particular, neutralizing anti-
IFN-I aAbs were detected in 94% of males with critical COVID-19 pneumonia. The recently
published meta-analysis [150] confirmed that the generally (not calculated according to
disease severity) higher prevalence of neutralizing aAbs in males (5%) than in females
(2%). Different data were obtained regarding 130 critically ill COVID-19 Swiss patients, in
which 11.3% of males and 13.0% of females showed detectable anti-IFN-«2 aAbs, while
7.5% of males and 8.7% of females presented anti-IFN-w aAbs in their plasma, which were
not present in plasma of 130 healthy donors [107]. Moreover, in our laboratory, we tested
the presence of anti-IFN-I aAbs in 349 critically ill male and female COVID-19 patients
(Table 3; previously unpublished data). We found a percentage of anti-IFN-I aAbs-positive
patients comparable to that of previously published studies (see Table 2); however, unlike
Busnadiego et al. [107], we did not observe a gender difference in our patients. This result
can be due to the fact that females may carry more non-neutralizing anti-IFN-I aAbs and
that the female age was slightly higher than that of males. Furthermore, females also
appeared to have a more critical disease, since 50% (vs. 35% of males) of them died,
although this difference was not significant.

Table 3. Characteristics of male and female patients tested for presence of anti-IFN-I-aAbs.

Males Females p-Value
Critical patients, number (%) 219 (52) 130 (45) 0.092
Age (years), mean (+5SD) 72 +13 75+12 0.023

Age (years) range 40-98 38-99 -

Anti-IFN-I aAbs, number (%) 28 (13) 16 (12) 1.000
Age (years), mean (+5SD) 75+ 10 78 £ 14 0.332
Deceased, number (%) 10 (36) 8 (50) 0.525
ICU 14 (50) 3(19) 0.057
Days of hospitalization, mean (+SD) 27 +£20 23+ 16 0.477
Vaccinated for SARS-CoV-2, number (%) 14 (50) 10 (63) 0.534
Cardiovascular diseases 13 (46) 5(31) 0.361
Hypertension 13 (46) 8 (50) 1.000
Dyslipidemia 8 (29) 0 (0) 0.036
Diabetes 11 (39) 2 (13) 0.089
Solid tumor 5 (18) 4 (25) 0.702
Neurologic diseases 6 (21) 6 (38) 0.303
COVID-19 complications 25 (89) 14 (88) 1.000
Acute respiratory distress syndrome 25 (89) 14 (88) 1.000

Analyses of aAbs against IFN-a2 and IFN-w were performed using ELISA method [5,87], with few modifications.
Means were compared via t-test, while proportions were compared via Fisher’s exact test (differences with p < 0.05
are considered significant and shown in bold font).

Notably, anti-IL-6 aAbs were predominantly elevated in asymptomatic COVID-19
females [165]. However, the reported data, together with those included in another
study [166], revealed that despite classic autoimmune diseases being more prevalent in
females, a paradoxical male predominance of autoimmune activation illness is present in
the setting of severe COVID-19.

4.2. Are Infection-Related aAbs Associated to Immunosenescence?

Age-associated changes in the immune system heavily increase the risk of bacterial
and viral infections in the elderly [167]; however, the relationship between aAbs production,
aging, and infectious diseases has not yet been formally demonstrated. Moreover, reasons
for the generation of aAbs are not exactly clarified, although several hypotheses were
proposed. Potential hypotheses are as follows: (a) tolerance defects and inflammation; (b)
modification of antigen expression; (c) changes in exposure or presentation of antigens;

111



Viruses 2023, 15, 1215

(d) cellular death mechanisms; (e) combination of genetic and environmental factors (e.g.,
simultaneous exposure to microorganisms with certain toxins and hazardous chemicals);
and (f) infections with viral proteins with sequences similar to a human protein (in around
20 autoimmune diseases, aAbs are generated due to cross-reactivity to infectious agent
proteins) [168,169]. The thymic involution, which is a naturally occurring part of the aging
process that leads to reduced thymus activity, also increased the likelihood of high autoim-
mune incidence [170]. Interestingly, the rate of thymic involution can be regulated via
numerous growth hormones and sex steroids, as well as via metabolic activity, and involu-
tion appears to occur more rapidly in males than females [170], thus further supporting a
gender bias in aAbs induction (see previous section). Therefore, those factors that reduce
thymus activity, including some cancers, age, sex or certain other diseases/disorders and
lifestyles, which are associated with immunosenescence, could also increase individual risk
of developing aAbs.

In the last few years, increased levels of aAbs were also associated with the accu-
mulation of Age-Associated B Cells (ABCs) [171], which are one of the immune changes
that characterize the immunosenescence [172]. Indeed, ABCs were observed to secrete
aAbs [173], which were first described more than 50 years ago [174,175]. It is also of note
that ABC-like cells producing aAbs were identified during HCV infection [176], and that
ABCs expand in the presence of viral infections not associated with autoimmune disease,
such as murine CMYV [177], influenza virus [178], HIV-1 [179], and SARS-CoV-2 [180]. In
this last infection, the expansion of ABCs may be responsible for the increased levels of
anti-IFN-I aAbs, which are associated with the higher risk of critical COVID-19 infection in
the elderly population [5,87].

However, the age-associated increase in these specific aAbs is not restricted to patients
with ongoing infections, being also observed in apparently healthy populations. Indeed, the
prevalence of anti-IFN-I aAbs neutralizing 100 ng/mL of IFN-oc and /or IFN-w increased
from 1.1% in individuals under the age of 70 years old to more than 4.4% in those over
the age of 70 years old, and up to 7.1% for those with aged between 80 and 85 years
old [5,123,137]. The reasons why this prevalence decreases in patients aged >85 are not clear;
one cause can be the fact that most of individuals died before the COVID-19 pandemic from
other illnesses aggravated due to the presence of the aAbs, with only aAbs-negative ones
remaining only [123]. Another plausible explanation is that “long-lived” individuals have
passed a certain threshold of age selection and, therefore, their physiological parameters
might differ noticeably from those of the general population. This possibility is supported
by the increased percentages of naive T cells in the CD4+ T-cell subset, higher prevalence of
low frequency clonotypes, and slightly higher T-cell receptor diversity observed in healthy
individuals with an average age of 82 years old compared to younger subjects [181].

However, all currently reported information reported is in contrast with trends recently
demonstrated in healthy individuals, in whom the number of aAbs increased with age
from infancy to adolescence, when they reached a plateau [159]. This specific observation
suggests that while the response to infectious agents (and may be vaccines) might contribute
to the production of aAbs through molecular mimicry, this mechanism does not appear to
continue to accumulate aAbs throughout life.

4.3. Are aAbs Detected during Infections Dangerous or Protective?

The ability of anti-IFN-I aAbs to neutralize soluble IFN-I from binding to their receptor
on the surface of cells was proposed as the most straightforward mechanism through which
these aAbs could promote virus replication and subsequent disease [182]. However, the
significance of aAbs production and their function was not definitively established, since
they may mediate diverse immunological functions depending on their specific interaction
with the target cytokine. Circulating cytokine/aAbs immune complexes are probably in
equilibrium with their free cytokine and free aAbs in concentrations that vary based on
the levels of cytokine that need to be neutralized. In addition, their concentration, epitope
specificity, avidity, isotype, and subclass may influence the capacity of these molecules
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to neutralize their related cytokine. It was also suggested that aAbs produced against
cytokines may play a role in the physiological regulation of their biological activities via
neutralizing the targets or prolonging the half-life [183].

Anti-cytokine aAbs with a moderate affinity for self-antigens provide a first line of
defense against infections, probably have housekeeping functions, and contribute to the
homeostasis of the immune system [4]. Furthermore, they may play a direct pathogenic role
in susceptibility to infection, rather than arising as an immune response to the pathogenic
micro-organism, because, in APS-1, they may be detected prior to the development of the
associated infectious disease [184]. It is important to take into account that the biological
significance of anti-cytokine aAbs must be evaluated in the context of disease, because they
may play a role in modulating disease activity in autoimmune conditions and may also
increase susceptibility to infections in certain immune-deficient patients [183]. In addition,
the function of anti-cytokines aAbs during infections could theoretically be very different:
they could be beneficial, harmful, or have both effects. The final case is supported by a large
body of evidence indicating that aAbs induced during malarial infection are associated with
disease severity and clinical outcomes, but are also capable of mediating protection against
Plasmodium sp. [185]. It was also proposed that aAbs against inflammatory cytokines might
protect against untoward inflammation [4] and be generated when such a response is of
benefit for the host. On the contrary, the new aAbs, including anti-cytokine aAbs, which
were recently detected in severe COVID-19, may directly cause harm, such as blood clotting,
blood vessel inflammation, and tissue damage [136], and seemed to be associated with
long-COVID symptoms [186], even if these data are controversial [155]. These aAbs perturb
immune function and impair virological control via inhibiting immunoreceptor signaling
and altering peripheral immune cell composition [128].

Finally, it is important to remember the possibility that the production of aAbs can
be limited in time and can stop when the triggering stimulus fails. For instance, while
anti-IFN-I aAbs remained stable in patients with AIRE deficiency and thymic malignancies,
anti-IFN-I aAbs with neutralizing activity peaked soon after COVID-19 onset and declined
to undetectable levels during convalescence [187]. Therefore, depending on context, these
aAbs may serve beneficial “housekeeping” functions through removing surplus danger
signals from circulation or, conversely, induce disease emergence.

The detection of aAbs can be useful for early diagnosis and prognosis, as observed
in cardiovascular diseases and cancers, because they may be detected well in advance of
clinical manifestations, enabling earlier identification of patients that may benefit from
effective treatments with a targeted approach [188,189]. Therefore, aAbs found at an early
stage of COVID-19 and non-COVID-19 infections seem to predict the disease severity
and possible long-term effects, thus potentially facilitating more effective therapy [52,136].
Accordingly, anti-cytokine aAbs (e.g., antibodies against IFN-«, IFN-¢, IL-6, IL-22, GM-CSE,
and TNF-o) were proposed for COVID-19 and non-COVID-19 treatment, although with
different results, since some improved clinical outcomes, while others had no benefit [190].
For instance, subcutaneous IFN-f treatment of hospitalized patients did not seem to
improve COVID-19 clinical outcomes [130]. Interestingly, in a phase II clinical trial, a
single dose of pegylated IFN-III as an early antiviral treatment for COVID-19 did not
inhibit or increase B-cell antibody responses measured in plasma, instead accelerating viral
clearance [191]. Therefore, it was proposed that IFN-III could potentially be a superior
choice of treatment compared to other IFN-I in SARS-CoV-2-infected patients [192].

Recently, the presence of aAbs against specific chemokines in Italian and Swiss subjects
was found of help in the identification of convalescent individuals with favorable acute and
long-COVID disease courses. Anti-chemokine monoclonal antibodies derived from these
individuals block leukocyte migration and, thus, may be beneficial through modulation of
the inflammatory response [153].
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5. Conclusions

The extent of the COVID-19 pandemic, the large availability of biological samples
enriched by clinical information, and the allocation of a large amount of research funds and
dedicated staff rapidly advanced our knowledge of the balance between direct SARS-CoV-2-
induced damage and inflammatory responses triggered by the virus and how this balance
contributes to the broad spectrum of disease severity. The studies carried out subsequently
made possible to detect a high prevalence of anti-IFN-I aAbs in both COVID-19 and the
serum of patients with other non-SARS-CoV-2 viral, bacterial, and fungal infections.

aAbs can have different roles in these diseases and can act both as enemies or friends,
i.e., capable of acting in a beneficial or harmful way. Establishing the levels and stability of
aAbs could be useful to discriminate between the two possibilities, as it would be help us
to understand the characteristics of the other components of the immune system of subjects
in whom aAbs are identified. Indeed, their discovery in elderly subjects indicates that they
may be linked to other defects related to immunosenescence or inflammaging.

Several questions remain to be answered regardin the significance of the presence
of anti-IFNs aAbs in healthy individuals and infected patients. For instance, it must be
elucidated why naturally-occurring anti-IFN-I aAbs were mainly described as binding
the IFN-3 subtypes and/or IFN-w, while aAbs against IFN-f or other IFN types, such as
IEN-1II, appeared to be much rarer [5,87,158]. Furthermore, it must be determined whether
there might be a normal physiological role for low or transient levels of anti-IFN-I aAb.
Therefore, future studies on different infections and involving a larger number of patients
are desirable to define the impact, long-term duration, and clinical implications of the
production of such aAbs. Understanding the immunological mechanisms underlying the
production of aAbs could improve the approach to some infections, focusing not only on
pathogens, but also on a possible low degree of autoimmunity in these patients.
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Abstract: West Nile virus (WNV) is a mosquito-borne pathogen that can lead to encephalitis and
death in susceptible hosts. Cytokines play a critical role in inflammation and immunity in response
to WNV infection. Murine models provide evidence that some cytokines offer protection against
acute WNV infection and assist with viral clearance, while others play a multifaceted role WNV
neuropathogenesis and immune-mediated tissue damage. This article aims to provide an up-to-
date review of cytokine expression patterns in human and experimental animal models of WNV
infections. Here, we outline the interleukins, chemokines, and tumor necrosis factor superfamily
ligands associated with WNV infection and pathogenesis and describe the complex roles they play
in mediating both protection and pathology of the central nervous system during or after virus
clearance. By understanding of the role of these cytokines during WNV neuroinvasive infection,
we can develop treatment options aimed at modulating these immune molecules in order to reduce
neuroinflammation and improve patient outcomes.

Keywords: West Nile virus; cytokines; interleukins; chemokines; tumor necrosis factor superfamily
ligands; infection model

1. Introduction

West Nile virus (WNV) is a positive-sense, single-stranded RNA virus belonging
to the Japanese encephalitis serocomplex, genus Flavivirus, family Flaviviridae [1]. Its
life cycle mainly involves birds and mosquitoes, whereas humans, horses, and other
vertebrates are considered incidental hosts [2]. The WNV genome is translated into a single
polypeptide and co- and post-translationally processed into ten proteins: three structural
(capsid C, membrane precursor prM, and envelope E), which form the virion; seven
nonstructural proteins (NS1, NS2A, NS2B, NS3, NS4A, 2K, NS4B, and NS5) involved in
the viral replication cycle, evasion of host innate immunity, and WNV pathogenesis [3];
and one peptide 2K, which plays a role in rearranging cytoplasmic membranes and Golgi
trafficking of the NS4A protein [4]. The susceptibility to WNV is highly variable among
its hosts [5]. The majority of WNYV infections in humans are either asymptomatic or mild,
presenting with headache, weakness, and/or fever [6]. However, a small percentage of
WNV-infected patients (less than 1% [7]) will develop neuroinvasive disease, including
meningitis, encephalitis, or acute flaccid paralysis, for whom death occurs in 10-30% of
cases [8,9]. Long-term physical and neurocognitive sequelae, including weakness, fatigue,
myalgia, memory or hearing loss, depression, and motor dysfunction, may also occur in 30
to 60% of patients that develop clinical disease [9-11]. Although currently regarded as a
top priority zoonotic disease for the US population [12], there are no standard treatment
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guidelines outside of supportive care, nor is there an FDA-approved drug or vaccine
available for the treatment or prevention of WNV neuroinvasive disease, respectively [8].
WNV pathogenesis is characterized by three phases: (1) an early phase of skin infection
and spread to the local draining lymph nodes following a bite from an infected mosquito,
(2) viral dissemination to peripheral organs, and (3) invasion of the central nervous system
(CNS) [13]. To fight the invasion of WNV, the mammalian host mobilizes three lines of
defense: the skin and the innate immunity at the early phase followed by the adaptative
(humoral and cellular) immunity at later stages [13,14].
Cytokines are signaling proteins that are expressed by many immune and nonimmune
mammalian cells (Figure 1). Their induction and regulation are tightly linked to WNV
replication during the early phase of infection [15-20]. While they are engaged in all three
lines of defense against WNV, they also contribute to immune-mediated tissue damage in
the brain. Among these cytokines, interleukins (ILs), chemokines, and tumor necrosis factor
superfamily (TNFSF) ligands are major players in immunity against WNYV, as evidenced
by transcriptome profiling of WNV-infected cells and tissues using DNA microarrays or
RNA sequencing [21]. Several reviews have shed light on their role in flaviviral infections
in general [22-24] and in specific flaviviral diseases, including dengue [25,26] and Zika [27]
viruses. Closely related flaviviruses elicit different immunomodulation profiles in their
hosts [28-30] and differentially antagonize antiviral pathways [31]; however, WNV patho-
genesis appears to have unique aspects compared with other neurotropic viruses [28,32],
which will be discussed throughout this review. Therefore, it is important to address the
role of cytokines in the specific context of WNV infection.
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Figure 1. Cellular targets of West Nile virus and corresponding cytokine response in mammals. The
illustration was created in Biorender.com. Abbreviations: BAFF: B-cell activating factor; FasL: Fas
ligand; TNF-o: tumor necrosis factor -, TRAIL: TNF-related apoptosis-inducing ligand.
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There is mounting evidence that the host immune response, driven by cytokines, plays
a pivotal role in the pathogenesis of WNV and the outcome of the disease. First, clinical
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data support that diverse cytokine profiles, depending on the sex [33], health condition [34],
and human polymorphisms in these immune-coding genes [35-37] correlate with different
outcomes of the infection, thus inciting the use of related biomarkers to predict the severity
of WNV disease in a clinical setting [33]. Secondly, using cytokines as agonists or blocking
their effects via pharmaceutical or genetic means in murine models demonstrated their
ability to completely alter WNV-associated disease phenotypes [16,38—49]. Therefore, an
improved understanding of the participation of cytokines in the pathogenesis of WNV
may not only help optimize diagnosis and prognosis, but also guide research of immune-
modulatory strategies to treat WNV-induced neurological disease.

In this review, we summarize findings from clinical studies as well as experiments
conducted over the past two decades using in vitro and in vivo WNV infection models
to recapitulate ILs, chemokines, and TNFSF ligands that participate in WNV infection,
indicate those of a known relevance in WNV pathogenesis, and identify candidates needing
further research to undercover their pertinence as therapeutic targets.

2. Interleukins (ILs) in WNYV Infection

ILs are proteins that modulate cell growth, differentiation, and activation during
antiviral response [50]. WNYV induces the release of at least 22 ILs in mammalian hosts
(Table S1). To date, IL-1§3, IL-6, IL-10, IL-12, IL-17A, IL-22, and IL-23 have been directly
investigated (Table 1), while little information is available about the remaining ILs involved
in the immune response to WNV infection.

Table 1. Summary of interleukins, chemokines, chemokine receptors and tumor necrosis factor
ligands triggered following West Nile virus (WNV) infection, whose pathogenesis has been studied
in mice models in vivo.

Survival

Following Lethal Role in WNV Pathogenesis ! References
WNYV Challenge !

Interleukins

IL-1 3

Langerhans cell migration to the draining LNs.
Protective CNS-intrinsic immune response and
leukocytes migration to the CNS. [16,18,32,51-65]
Synaptic deficits and spatial learning defects
during recovery.

IL-6

N.E.

N/A [19,20,52,65-75]

IL-10

Viral replication in the periphery and in the CNS
and downregulation of IL-12/23 p40 and TNF-« in [19,32,61,64,68,73,76-79]
the CNS.

IL-12

N.E.

No role of IL-12 p35 in brain infiltration or homing

of leukocytes. [66,70,76,80-84]

IL-17 A

CD8+T cell cytotoxicity. [43,76,85]

IL-22

WNV entry into the CNS via neutrophils
Intrinsic control of viral replication in the brain [42,61,76,86]
CXCL1, CXCL5 and Cxcr2 expression in the brain

IL-23

Brain infiltration and homing of leukocytes [76,82]

CC chemokines

CCL2

+/—

Monocytes migration and differentiation into
DCs in
the skin and LNs.
Monocytosis and monocytes trafficking to
the brain.

[19,20,32,44,45,47,56,64,65,69,76,77,84,
85,87-92]
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Table 1. Cont.

Survival
Following Lethal Role in WNV Pathogenesis ! References
WNV Challenge !
Monocytosis, recruitment of neutrophils and CD8+
CCL7 + T cells into the CNS [44,45,47,76,85,91]
Viral clearance from the brain.
C chemokine receptors
Monocytosis, monocytes migration to the brain
Cer2 * and viral clearance from the CNS. [44,76]
Leukocyte trafficking to the CNS/control of the
CerS * BBB permeabilityViral clearance in the brain [32,93]
DCs and T cell trafficking to the LNs
Ccr7 + Control of WNV-infected myeloid cells infiltration [46]
into the CNS.
CX chemokine
. 3 . [19,20,32,47-49,56,57,64,65,68,70,71,75—
CXCL10 + Recruitment of CD8+ T-cells into the CNS. 77.80,84,85,87,88,91,92,94-98]
CX chemokine receptors
Cxcr2 — N/A [49]
Cxer3 N CD8+ T cells control of WNV infection within [48,99]
the cerebellum
Cxcrd - Downregulation of T cells trafficking to the brain [100]
CX3C Chemokine
CX3CL1 NE. Monocytes (microglial preFursor) recruitment to (32]
the brain.
CX3C Chemokine receptor
Cx3crl N.E. N/A [32,46,90]
Tumor necrosis factor superfamily ligands
No effect in Langerhans cell migration to the
draining lymph nodes.
TNF-a +/— Regulation of leukocyte infiltration in the CNS. [17,19,20,32,52,55,57,61,62,64-70,72~
. 77,84,87,88,95,99,101-108]
Down-regulation of neuronal Cxcr3 and
subsequent neuronal apoptosis.
TRAIL + CD8+ T cells-mediated viral clearance in the CNS. [38,69,109]
FasL +/N.E. CD8+ T cells-mediated viral clearance in the CNS. [39,59,76,77,110]
Efficient production of neutralizing antibodies,
CD40L + trafficking of CD8+ T cells into the brain, and [111]
control of WNV replication in the CNS.
BAFF + Viral clearance from sera, spleen, and brain. [41,112]

1 Data from experiments using mice (Mus musculus) in vivo as WNV-infection models. (+): Enhances survival
rates; N.E: No effect (no difference between cytokine-deficient and control groups); (—): Enhances mortality rates;
N/A: Not available. Abbreviations: BAFF: B-cell activating factor; BBB: Blood-brain barrier; CNS: Central nervous
system; LNs: Lymph nodes; TNF-«: Tumor necrosis factor -&, TRAIL: TNF-related apoptosis-inducing ligand.

2.1. Interleukin-1 Family

Currently, 11 cytokines are considered members of the IL-1 family: IL-1«, IL-13,
the IL-1 receptor antagonist [IL-1ra], IL-18, IL-33, IL-36«x, IL-36f3, IL-36v, IL-36ra, IL-37,
and IL-38 [113,114]. Among them, IL-1«x [19,76,87,115], IL-1$3 [10,16,51-53,80,94,116],
IL-1ra [16,29,77], IL-18 [117], and IL-33 [118] are known to be released in response to
WNYV infection.
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IL-1 is an extremely potent inflammatory cytokine, triggered in response to WNV
infection both in vitro and in vivo, in the periphery and in the CNS (Table S1). The role
of IL-1 in WNV infection has been studied mainly through murine models deficient in
IL-1R1 and unable to respond to IL-1«, IL-1f3, or IL-1ra [16,54,66,115]. IL-1R1 signaling
conferred protection to mice against WNV disease and mortality [16]. During early WNV
encephalitis, IL-1R1 controlled viral replication and subsequent apoptosis within neu-
rons [16,115]. Further, IL-1 controlled leukocyte infiltration as well as T cell responses in
the CNS [54,66,115] and restrained inflammation by downregulating pro-inflammatory
cytokines, such as TNF-« and IL-6 [16] and chemokines, such as CCL2 and CCL5 [16,51,54].
Intracranial injection of WNV in wild-type C57BL/6 mice led to paradoxical results con-
cerning the direct effect of IL-1 on viral replication in the brain. In fact, while IL-1 did not
directly impact viral replication within the CNS in some studies [51,53,115], IL-1 was found
to mediate CNS-intrinsic virus restriction in another study [16]. The disparities between
these studies despite the use of the same model of infection could be in part explained by
the differences in the viral strains used to infect the mice.

The pro-inflammatory IL-1x and anti-inflammatory IL-1ra cytokine expression pat-
terns and roles during WNV infection are still not clear. In human sera, IL-1ra expression
was variable in WNV-infected presymptomatic and asymptomatic donors [29], but upregu-
lated during acute WNV infection [16,34]. While no human study has yet reported IL-1o
regulation during WNV natural infection, IL-1&x modulation during WNV infection varies
across studies using experimental models (Table S1).

IL-1B is a key player in early, acute, and severe WNV pathogenesis. Indeed, IL-1f3
is one of the earliest cytokines detected following an infected mosquito bite in murine
models [22,62,119]. Further, this cytokine mediated epidermal dendritic cell (DC) and
Langerhans cell migration from the epidermis to the local draining lymph nodes [22,62,119].
In mouse brains, IL-1f3 was secreted during the acute phase, mainly by infiltrating /resident
macrophages [54,63] and even later during recovery, mainly by astrocytes [63]. Current
evidence demonstrates that IL-13 plays a dual role during WNV-induced disease, being
protective during the acute phase, and driving neurological sequela in the long term. Mice
deficient in both IL-1f signaling and Apoptosis-associated speck-like protein containing
C-terminal caspase recruitment domain (ASC), which induces caspase-1-dependent in-
flammasome activation and IL-13 production, were found to increase WNYV viral titers
and disease severity specifically in the CNS [16,51]. Further, in humans with a history of
asymptomatic or severe WNV infection, decreased IL-1{3 induction in their peripheral blood
mononuclear cells and macrophages was a hallmark of severe disease [94]. In blood donors
who tested positive for WNV RNA after routine blood screening, IL-13 was upregulated in
the plasma for six months after their initial blood donation and correlated inversely with
WNYV RNA loads [16]. In mice, such a sustained IL-13 overexpression, induced specifically
by the NOD-like receptor-pyrin-containing proteins 3 (NLRP3) inflammasome cleavage in
astrocytes after the recovery period of WNV encephalitis [16,22,63,119], resulted in defec-
tive spatial learning and synaptic recovery [53,63]. Thus, improper NLRP3 inflammasome
activation and IL-1§3 secretion in the brain is currently considered as a plausible mechanism
for the development of long-term neurological sequela after WNV infection [120].

IL-18 is also a pro-inflammatory cytokine produced following inflammasome activa-
tion [121,122]. WNV infection of human primary monocyte-derived DCs or transformed
human neuroblastoma cell line (SK-N-SH, ATCC HTB-11™) did not increase IL-18 produc-
tion [52,117]. However, IL-18 was upregulated in spleen and lung tissues of WNV-infected
mice [76]. IL-18 is suggested to further immunopathogenesis of DENV [123], but no
investigations have been conducted yet to test this during WNV infection.

Another member of the IL-1 family, IL-33, was upregulated in splenic macrophages
of WNV-infected mice [118]. IL-33 signaling through the ST2 receptor can trigger pro-
inflammatory and anti-inflammatory responses [124,125]. Generally, in viral infections,
IL-33 is considered a protective agent through enhancing CD8+ T cell responses [126]
and attenuating viral encephalitis by downregulating iNOS expression in the CNS [127].
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Therefore, with this understanding, promoting the activity or production of this cytokine
during WNV infection could present therapeutic advantages. More work is needed to
investigate the functions of this cytokine in the context of WNV infection.

2.2. Interleukin 6 Family

IL-6 is a pleiotropic cytokine involved in many biological processes, including immune
responses, hematopoiesis, bone metabolism, and embryonic development [128]. It is
one of the most important cytokines during a viral infection [129], and studies using
different experimental models describe IL-6 changes during WNV infection (Table S1).
Human cytokine studies following WNV infection highly suggest an important role for IL-6.
Acute infection in humans could induce a high synthesis of IL-6 in the CSF [130] and the
serum [130,131] of patients with WNV fever and WNV neuroinvasive disease. Further, in
another study, IL-6 levels in the serum were lower in healthy viremic individuals compared
to uninfected individuals before and after IgM seroconversion [124]. IL-6 prolonged
expression has been reported in the serum of individuals who experience severe long-term
fatigue following symptomatic WNYV infection [132]; however, no studies have yet been
performed to support the causal relationship between IL-6 levels and WNV-associated
disease severity in humans. A single in vivo study investigated the involvement of IL-6
in WNYV infection [67] and described that, when infected with WNV, IL-6-deficient mice
exhibited similar mortality rates as wild-type mice [67]. Further work is needed to clarify
whether this is due to a minor role of this cytokine in WNV infection or to the specific
experimental conditions used in this study.

2.3. Interleukin 17 Family

Currently, there are 6 inflammatory cytokines that represent the IL-17 family, namely
IL-17A, IL-17B, IL-17C, IL-17D, IL-17E, and IL-17F [133]. Among these, IL-17A, a pro-
inflammatory cytokine, is upregulated in vitro [43] and in vivo [43,76,85] following WNV
infection (Table S1). In humans, in the absence of symptoms, increased IL-17 levels were
found in WNV-infected individuals when compared to levels from non-infected blood
donors [29]. On the contrary, very low serum levels of IL-17A, as well as complete absence
of IL-17A expression in the CSF [130], were found in both febrile and neuroinvasive disease
patients. In four serologically confirmed WNV patients with persistent post-infectious
symptoms, no increase in IL-17 could be detected [125]. These findings, suggesting a
link between IL-17A expression and a favorable outcome of WNV human infection, are
supported by one in vivo study in mice, wherein they found that IL-17A facilitated WNV
clearance by inducing expression of cytotoxic mediator genes and promoting CD8+ T cell
cytotoxicity [43].

2.4. Interleukin 12 Family

The IL-12 family includes four members: IL-12, IL-23, IL-27, and IL-35 [134], among
which IL-12 and IL-23 are upregulated in vivo following WNV infection (Table S1). IL-12 is
composed of two covalently linked subunits, p40 and p35, which form when combined with
the bioactive IL-12p70 [134]. IL-23 also comprises two subunits, p19 and p40, and the latter
is shared with IL-12 [134]. Currently, no human studies have highlighted IL-23 changes
following WNV infection, but IL-12 was reported to be highly expressed in presymptomatic
and asymptomatic WNV-infected blood donors [29] and unchanged in symptomatic WNV-
infected blood donors during the early phase of infection [34]. Cytokine analyses in
WNV-infected individuals confirmed that IL-12p70 could be overexpressed in the serum for
months [132] and even years [135] after infection. Mice deficient in individual subunits of
IL-12 (p35) or IL-23 (p19) or the shared p40 subunit were used to determine the specific role
of each cytokine. Animals deficient in IL-12p40 or IL-23p19, but not IL-12p35, had decreased
leukocyte homing to the brains and increased mortality, supporting the importance of IL-23
in protective immune cell infiltration and homing during the acute phase of infection [82].
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More research is warranted to cast light on the participation of these cytokines during the
recovery phase from WNV infection.

2.5. Interleukin 10 Family

The IL-10 family of cytokines contains IL-10, IL-19, IL-20, IL-22, IL-24, IL-26, IL-28,
and IL-29 [114], among which IL-10 and IL-22 expression are upregulated in models of
WNV infection (Table S1). Increased levels of IL-10 were detected in the plasma of acute,
viremic [124], asymptomatic blood donors diagnosed with WNV [29]. However, no signifi-
cant difference in the IL-10 in serum [130,131] and CSF [130] samples from patients with
WNYV fever and WNV neuroinvasive disease was found [130]. Genetic or pharmacologic
blockade of IL-10 signaling helped to increase survival after WNV lethal challenge in
mice [79], and additional studies corroborate a pathogenic role of IL-10 in acute WNV
infection. First, previous sensitization to salivary proteins delivered by multiple A. aegypti
bites resulted in an increased IL-10 expression associated with an aggravated disease [136].
Second, in mice infected with a hamster-derived WNV strain, a decreased IL-10 production
correlated with lower frequency of virus persistence in the spleen compared to that of WNV
NY99-infected mice [78]. The only study to investigate IL-22 described a minimal effect
in the periphery, but mice deficient in IL-22 were more resistant to lethal WNV infection,
and IL-22 promoted early entry of virus-carrying neutrophils into the CNS by regulating
chemotaxis (mainly via Cxcr2 signaling) at the blood-brain barrier (BBB) [42].

3. Chemokines in WNYV Infection

Chemokines are chemotactic cytokines that bind to G protein-coupled receptors to di-
rect cell movement during homeostasis and inflammation [114]. These proteins are divided
into four subfamilies: C chemokine, CC chemokine, CXC chemokine, and CX3C chemokine,
based on the number and positioning of conserved N-terminal cysteine residues [114].
Changes in the expression of chemokines and their receptors have been observed in re-
sponse to WNV infection in mammalian models (Table S2). Studies focusing on chemokines
receptors, including Ccr2, Cer5, Cer7, Cxcr2, Cxcr3, Cxcrd and Cx3crl in WNV-infected
models have helped define the importance of chemokines in a time- and organ-specific
manner (Table 1). However, each of these receptors can be bound to several chemokines,
and few reports concerning the participation of chemokines in WNYV infection exist to date,
including CCL2, CCL7 and CXCL10 (Table 1). Thus, the precise importance of individual
chemokines during WNV infection demands additional research.

3.1. CC Chemokines
3.1.1. CCL2, CCL7 and CCL12 (Ccr2 Agonists)

Ccr2 and its ligands play important roles in monocytes mobilization under inflamma-
tory conditions [137], and they can be induced following experimental WNV infections
(Table S2). Ccr2 agonist CCL2 is highly expressed during human WNYV infections. The
CCL2 gene expression is upregulated in the brain tissues of patients that succumb to WNV
encephalomyelitis [56]. Accordingly, CCL2 production was significantly elevated in the
serum of WNV-infected patients [124], with male blood donors having higher levels of
CCL2 than the female blood donors in the post-IgM phase [33]. Further, elevation of CCL2
in the post-IgM seroconversion phase was associated with improved symptom outcomes
following WNYV infection [33,34]. During WNV infection, Ccr2 activation induced mono-
cytosis dependent on CCL2 and CCL7, but not CCL12, and protected mice from lethal
challenge mainly by regulating blood monocyte levels [44]. CCL2 mediated monocyte
migration to the infected dermis and the draining lymph node, as well as their return
from the blood to the bone marrow and their differentiation into DCs during the early
phase in WNV-infected mice [89]. CCL2 also mediated accumulation of inflammatory
monocytes into the brain, and their differentiation to microglia decreased survival, thus
playing a pathogenic role in WNV encephalitis [90]. However, in another study using
murine models, CCL2 was only partly involved in monocyte recruitment and did not
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play a pivotal role in survival following lethal challenge [45]. In contrast, CCL7 deficiency
resulted in increased viral burden in the brain, enhanced mortality, and delayed migration
of neutrophils and CD8+ T cells into the CNS [45]. CCL7 was significantly decreased in
humans with a worse outcome as compared to those with a better outcome in the post-IgM
phase [34]. Whereas the role of CCL2 in WNV pathogenesis remains unresolved, CCL7
appears to have favorable effects, improving the outcome of WNV infection.

3.1.2. CCL3, CCL4, and CCL5 (Ccr5 Agonists)

CCR5 and its interaction with chemokine ligands mediate chemotactic activity in
leukocytes and are involved in hematopoiesis and immune response [138]. CCL3, 4 and
5 chemokines binding the chemokine receptor Ccr5 could not be detected in human sera
during the early and late phases of infection [34,124] but were strongly induced in the
CNS of mice after experimental WNV infection (Table S2). In humans, Ccr5 deficiency
did not predispose to WNV infection, but once infected, patients could be particularly
susceptible to present early and late clinical manifestations if their Ccr5 function was
missing or blocked [35,36,139]. In line with these findings, studies in mice describe that
Ccr5 deficiency led to increased symptomatic disease and mortality after subcutaneous
infection with WNYV, although Ccr5 was not required for cell-mediated immunity in the
periphery [32,93]. WNV-infected Ccr5-/- mice had a significantly decreased ability to
recruit antiviral mononuclear cells specifically into their WNV-infected brain, increased
BBB permeability, and elevated levels of Ccr5 ligands [32,93]. The individual roles of the
Ccr5 ligands remain unclear, as no in vivo models have been applied to address their
contribution in WNV pathogenesis. One in vitro study described that induction of CCL5
in response to WNV infection was not sufficient to promote leukocyte transmigration
across the endothelial layer in a model of the BBB containing both endothelial cells and
astrocytes [140].

3.1.3. CCL19 and CCL21 (Ccr7 Agonists)

Interactions between Ccr7 and its cognate ligands are involved in the induction of
inflammatory and T cell responses [141]. WNV infection in murine models supports that
Ccr7 and ligands CCL19 and CCL21 could be upregulated at the gene levels [64,76,110]
and contribute to the host resistance against WNV. Chemokine receptor Ccr7 was essential
for survival following a WNV lethal challenge in mice [46]. Further, Ccr7 was required for
myeloid cells’ infiltration into the lymph nodes and restricted their entry into the brain,
assisting in viral clearance and decreasing pathological effects of an excessive cytokine
production [46].

3.2. CXC Chemokines
3.2.1. CXCL1-3, CXCL6-8 (Cxcr2 Agonists)

Cxcr2 plays a nonredundant role in mediating trafficking of neutrophils, which are
suggested as a carrier of WNV in the blood [49]. Mice deficient in Cxcr2 had a similar
mortality rate as wild-type mice, although their time to death was delayed [49]. Cxcr2
binds to CXCL1, CXCL2, CXCL3, CXCL5, CXCL6, CXCL7, and CXCLS [114], which are
all modulated by WNYV infection (Table S2). CXCLS is upregulated in WNV-infected
primary human cultures [88] and cell lines [18,52,57,75,88,98] as well as brain and spinal
cord samples from experimentally infected Rhesus monkeys (Macaca mulatta) [77]. Genes
associated with CXCL8 production and upregulation were induced in New Zealand white
rabbits (Oryctolagus cuniculus) [68]. CXCLS is also detected at high levels in WNV-infected
individuals [131,135]. Further, patients with more severe symptoms during the early phase
of infection had significantly higher CXCL8 expression in their serum when compared to
WNV-negative controls [34]. These findings suggest an important role of this cytokine in
the pathogenesis of natural infections in humans. Yet, to date, no in vivo studies investigate
this observation. This can be explained by the lack of true CXCL8 homologs in mice [142],
which are currently the most widely used animal models to study WNV pathogenesis.
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Using alternative WNV models of infection that have an ortholog CXCLS8 gene, such as
rabbits [70,143-146] and nonhuman primates, [77,147] will be necessary to circumvent
this issue.

3.2.2. CXCL9 and CXCL10 (Cxcr3 Ligands)

Cxcr3 and its ligands are responsible for T-cell trafficking, activation, differentiation,
and functions [48]. WNV natural infection in humans can induce high levels of CXCL9 [124]
and CXCL10 [34,124,131,135] in the serum. Likewise, these chemokines were elevated
following WNV infection in various experimental models (Table S2). Evidence from these
models suggests that Cxcr3 signaling can have multifaced roles during WNYV infection.
In vitro, downregulation of neuronal CXCR3 signaling through TNF receptor 1 (TNFR1)
decreased CXCL10 and resultant apoptosis following WNV infection [99]. In vivo, Cxcr3
had no effect in WNV replication or clearance in peripheral lymphoid tissues [47]. However,
CXCL10, but not CXCL9, and its cognate receptor Cxcr3 were required for survival after
lethal WNV challenge and regulated the CD8+ T cells migration and clearing of WNV
infection in the brain compared to control mice [47,48]. This can explain the evidence of
both protective and deleterious effects of CXCL10 in humans. In fact, higher susceptibility
to WNV in blood donors was marked by lower levels of CXCL10/IP-10 during the post-
IgM phase [33,34]. Importantly, analysis of autopsied neural tissues from humans with
WNYV encephalomyelitis revealed upregulation of CXCL10-coding gene [56] and symptom
development was positively correlated with CXCL10/IP-10 production during the earliest
phase of disease [34]. In later stages, significantly higher serum levels of CXCL10 were
detected in patients with prolonged post-infection fatigue (>6 months) after symptomatic
WNV infection [132]. Thus, CXCL10 transition from driving protective immune responses
to deleterious ones needs further research as a possible therapeutic target.

3.2.3. CXCL12 (Cxcr4 Ligand)

Cxcr4 is the most widely expressed chemokine receptor and is involved in cell mi-
gration, hematopoiesis, and cell homing [148]. Changes in the expression of Cxcr4 and
its canonical ligands CXCL12 can be induced following experimental WNV infection
(Table S2), whereas their expression patterns in WNV-infected patients is still unclear.
Current evidence from experimental infections suggests that CXCL12 favors WNV neu-
ropathogenesis. In fact, CXCL12 expression, which was mediated by IL-1 at the CNS
microvasculature [54], restricted entry of T cells at the BBB and prevented virus-specific
CD8+ T cells from clearing WNV within the CNS parenchyma, resulting in enhanced
mortality in a murine model of infection [100].

3.3. CX3C Chemokines

Chemokine CX3CL1 and its receptor CX3CR1 can exert pro-inflammatory or anti-
inflammatory responses [149]. Their coding genes were upregulated in vivo following
WNV infection in B6129PF2 and C57BL6/] mice [32] and Rhesus monkeys [77] (Table S2).
Investigation in a murine model did not support their having a role that aids in survival
against WNV infection [32].

4. Tumor Necrosis Factor Superfamily Ligands

Interactions between TNFSF ligands and their cognate receptors control the survival,
proliferation, differentiation, and functions of immune cells [111]. Among the TNFSF lig-
ands, TNF-« [72,99,103-105], Fas ligand (FasL) [39,76,110], TNF-related apoptosis-inducing
ligand (TRAIL) [69,109,110], CD40L [85,111], B-cell activating factor (BAFF) [112], TNF-
related weak inducer of apoptosis (TWEAK) [85], OX40L [117], and tumor necrosis factor
superfamily member 14 (LIGHT) [76,150] are implicated in WNV pathogenesis (Table S3).
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4.1. Tumor Necrosis Factor «

TNE-¢, a cytokine having pro- and anti-inflammatory properties [151], has inconsistent
expression patterns following WNV infection in humans. Human sera analysis during
WNV fever and WNV neuroinvasive disease showed no detectable change in TNF-o
expression [131], but others describe a significant TNF-« upregulation in WNV-infected
patients during the acute phase [124,130] and even long after the virus had presumably been
cleared by the immune system [125]. TNF-o was significantly higher in individuals with a
history of WNV infection and subsequent development of chronic kidney disease compared
to healthy individuals [135]. In accordance with the latter human reports, almost all studies
using experimental models describe increased TNF-a during WNV infection (Table S3).
Studies investigating the importance of TNF-« in the pathogenesis of WNV infection
indicate that this cytokine has a limited role in controlling WNV infection in peripheral
organs [38,104], with no consensus regarding the signaling cascade and contribution to
control WNYV in the CNS (Table S3). For instance, TNF-« receptor 1 (TNF-R1) signaling was
suggested downstream of Toll-like receptor (TLR)-3, as TLR3 deficiency led to impaired
TNF-« production during WNV infection in microglia [67], but the same observation
did not occur in bone marrow-derived DCs [152]. Whereas in one study, mice deficient
in TNF-R1 had a mortality rate significantly greater than that in wild-type mice after
WNYV challenge [104], the opposite phenomenon was observed in another study using
the same model [67]. The former study suggested that TNF-« interaction with TNF-R1
protected mice against WNV infection by regulating migration of inflammatory cells into
the brain during acute infection [104], while the latter suggested that TNF« could be
responsible for early WNV neuroinvasion due to increased permeability of the BBB [67].
Immunization of mice with salivary gland components led to early production of TNF-«
following WNYV infection, which aligned with a delay in CNS infection and significantly
lower WNV brain titers compared to mock-immunized mice [153], suggesting a protective
role during WNV encephalitis. However, another study described higher TNF-« levels
that corroborated an increased pathogenicity of neuroinvasive WNV variants compared
to non-neuroinvasive variants in mice, [73] and TNF-x was involved in WNV-induced
neurotoxicity [52]. Additional research is necessary.

4.2. TRAIL and FasL

TRAIL and FasL activate apoptosis through cell surface death receptors [111]. These cy-
tokines are upregulated on the gene levels using in vivo models, including mice (Table S3).
In mouse models, TRAIL contributes to disease resolution [38], while the role of FasL
remains elusive [28,39]. In mice, TRAIL genetic deficiency increased susceptibility to
lethal WNV challenge, and CD8+ T cells encountered difficulty in clearing WNV from
neurons [38]. WNV induced expression of Fas in neurons, functional FasL was required to
protect IFNy-deficient C57BL/6 mice from lethal WNV infection, and CD8+ T cells utilized
FasL to restrict WNV infection in neurons [39]. However, another study using the same
mice deficient in either Fas or FasL did not find differences in mortality or viral burden in
the brain [28]. Inconsistent results from these studies could be attributed to the differences
in the viral strains (WNV 3000.0259 strain [39] versus WNV Sarafend strain [28]) as well as
the route of animal infection (footpad [39] versus intravenous route [28]).

4.3. CD40L

CD40L is a modulator of a wide range of humoral and cellular immune responses [111]
and is regulated by WNYV infection in the mouse brain [64]. In mice, CD40-CD40L interac-
tions were required for protection from lethal WNV challenge, efficient antibody production
by B cells, and T-cell migration across the BBB [40]. While there is evidence to suggest a
role for CD40L in WNYV infection, more research is needed.
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4.4. BAFF

BAFF is required for peripheral B-cell survival and homeostasis and is upregulated
in mice neutrophils and DCs after WNV challenge [112]. BAFF signaling was essential
for survival against lethal WNV infection in mice [41]. BAFF from DCs, not neutrophils,
helped to sustain or promote B-cell humoral responses to WNYV, since WNV-specific anti-
body responses were decreased in mice lacking BAFF expression on DCs [112]. Further,
BAFF receptor-deficient mice were susceptible to WNYV infection but could develop sus-
tained protective immunity when treated with immune sera from a wild-type mouse with
antibodies to WNV [41].

5. Conclusions

Cytokine characterization represents a major advance in our understanding of the
overall regulation of WNV-driven immune responses. Cytokine signaling of IL-1f3, IL-23,
IL-17A, CCL7, CXCL10, TRAIL, CD40L, and BAFF provides protection against acute WNV
infection in mice; IL-10 and IL-22 aid in WNV pathogenicity; IL-6 and IL-12 had no apparent
effect during infection; and CCL2, TNF-«, and FasL roles remain elusive. Determining the
exact function of a particular cytokine can be challenging and underscores the most impor-
tant messages from this review: First, the biological context, such as the cellular source, the
target, the phase of the immune response, and the presence or absence of other cytokines
influences their expression pattern and function. Experimental conditions, varying across
the studies, such as viral strains or passages, laboratory investigation techniques, and
time-points of sample harvesting, might also explain inconsistent, sometimes paradoxical
results regarding the roles of cytokines during WNV infection. Second, the outcomes of
WNYV infection depend not only on viral clearance but also on the extent of the inflam-
matory response driven by cytokines. In fact, WNV infections in humans and laboratory
animals provide evidence that pro-inflammatory cytokines, such as IL-1f3, TNF-«, IL-12p70,
CXCL10, and IL-6, can be chronically elevated after WNYV is cleared. This indicates that an
effective treatment against WNV neuroinvasive disease should include anti-inflammatory
drugs to treat the exacerbated inflammatory response during the acute phase and to pre-
vent long-term neurological sequalae, as these cytokines are linked to neuronal injury in
several neurodegenerative diseases [154]. Future studies are critical to understanding how
regulation of these cytokines can improve the course of illness. This can be accomplished by
studying existing drugs or small molecules against the aforementioned cytokines, as well
as development of new therapeutics that interfere with these cytokine pathways. Finally,
this review highlights the need for additional research into these cytokines, considering
the biological importance they maintain, which will help identify immunomodulatory
therapeutic targets against WNV neuroinvasive disease. For example, alternative infection
models should be developed for the study of CXCLS8, hampered to date by the lack of true
homologs in rats and mice. More work aimed at dissecting the roles of important cytokines
depicted from clinical human studies, such as IL-15, CCL8, CCL11, CCL13, and CCL20 is
warranted to understand their contribution to the immunopathogenesis of WNV infection.
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Abstract: Thousands of unique noncoding RNAs (ncRNAs) exist within the genomes of higher eu-
karyotes. Upon virus infection, the host generates interferons (IFNs), which initiate the expression of
hundreds of interferon-stimulated genes (ISGs) through IFN receptors on the cell surface, establishing
a barrier as the host’s antiviral innate immunity. With the development of novel RNA-sequencing
technology, many IFN-induced ncRNAs have been identified, and increasing attention has been
given to their functions as regulators involved in the antiviral innate immune response. IFN-induced
ncRNAs regulate the expression of viral proteins, IFNs, and ISGs, as well as host genes that are critical
for viral replication, cytokine and chemokine production, and signaling pathway activation. This
review summarizes the complex regulatory role of IFN-induced ncRNAs in antiviral innate immunity
from the above aspects, aiming to improve understanding of ncRNAs and provide reference for the
basic research of antiviral innate immunity.

Keywords: noncoding RNA; interferon; interferon-stimulated gene; antiviral innate immunity

Following Crick’s central dogma [1,2], genetic information is passed from DNA to
RNA, which is then translated into proteins. Over many years, proteins have been widely
recognized as the final products that perform the main functions encoded by genes, though
protein-coding genes occupy <2% of the human genome. As sequencing technology
advances, other products of the human genome are coming into view, revealing the “dark
energy” of DNA. According to the NIH ENCODE project results, approximately 80% of the
human genome is endowed with biochemical functions and, interestingly, about 62% of
genes are transcribed into noncoding RNAs (ncRNAs) [3]. Upon viral infection or interferon
(IFN) stimulation, many ncRNAs are generated to regulate various vital cellular processes,
including pre-transcriptional, transcriptional, and post-transcriptional regulatory processes.
Numerous ncRNAs are reported to be involved in antiviral activities, most of which are
microRNAs (miRNAs), long ncRNAs (IncRNAs), or circular RNAs (circRNAs).

IFN was originally discovered as an infection-inhibiting factor. Subsequently, IFN-
specific inducible mRNAs and proteins were identified. The canonical interpretation of IFN-
mediated antiviral innate immune responses suggests that IFNs induce the transcription
of IFN-stimulated genes (ISGs), which further alter the proteome in cells and establish an
antiviral cellular state [4]. However, according to recent studies, IFN-mediated antiviral
innate immune responses may be a more complex process than transcriptional induction
of ISGs. Initially, researchers mainly detected IFN-induced gene expression by surveying
IFN-stimulated transcriptome changes through microarray technology, which enabled
the detection of the enrichment of select mRNAs through poly(A) affinity or arrays used
to probe for transcripts of encoded proteins [5-7]. Thus, they were unable to capture
ncRNAs that were not polyadenylated, such as miRNAs, circRNAs, piwi-interacting RNAs
(piRNAs), and enhancer RNAs (eRNAs, which are IncRNAs) [7-10]. Polyadenylated
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IncRNAs have been frequently dismissed as “garbage” because they do not encode proteins.
However, an increasing number of studies indicate that IFNs can induce some ncRNAs to
participate in antiviral innate immunity [11-15]. These results demonstrate the biogenesis
of ncRNAs and the role of ncRNAs, enhancing our understanding of these molecules and
serving as fundamental concepts to guide antiviral innate immunity.

1. The Antiviral Innate Inmune Response of the Host

Innate immunity is the first and most rapidly formed line of defense against viral
invasion. Host cells recognize pathogen-associated molecular patterns (PAMPs) through
pattern recognition receptors (PRRs). After viral nucleic acid is recognized by host cells, a
series of signaling pathways is activated, stimulating IFN expression and secretion. IFNs
induce hundreds of ISGs, including antiviral proteins and ncRNAs, which activate antiviral
innate immune defenses.

1.1. The Pattern of Host Recognition of the Virus

According to their location in a cell, PRRs are divided into two classes. One is com-
posed of a family of toll-like receptors (TLRs) located on the endosomal membrane. A
major member of the TLR family, TLR3, recognizes double-stranded RNA, while TLR7 and
TLR8 recognize single-stranded RNA, and TLR9 recognizes nonmethylated CpG DNA [16].
The other class consists of three nucleic acid receptors that are widely expressed in the cyto-
plasm. They include AIM2-like receptors (ALRs) and cyclic GMP-AMP synthase (cGAS),
which recognize DNA viruses, and retinoic acid-like receptors (RLRs), which recognize
double-stranded RNA or 5'ppp-modified single-stranded RNA [17-19].

1.2. IFN Signaling Pathways

IFNs are members of the class II cytokine family and are classified into three categories
based on their molecular structure, antigenicity, and cell source. Type I IFNs are mainly
composed of IFN-« produced by leukocytes and fibroblast-generated IFN-{3. IFN-¢, IFN-w,
and IFN-k also belong to this family. Type III IFNs include IFN-A1, IFN-A2, IFN-A3, and
IFN-A4, which have antiviral mechanisms similar to those of type I IFNs [20-22]. The type
II TEN family, also known as the immune IFN family, has only one member, IFN-y, which
is mainly produced by natural killer (NK) cells, T lymphocytes, and antigen-presenting
cells (APCs) [23].

As shown in Figure 1, type I IFNs elicit signals through IFN-«/ 3 receptor subunit 1/2
(IFNAR1/2), and different subtypes exhibit inconsistent tissue expression and binding affin-
ity for IENAR1/2 receptors, leading to various biological reactions [24]. Type III IFNs bind
IL-10R2 of the interleukin-10 receptor and type III IFN-A receptor 1 (IFNLR1) to activate the
JAK-STAT signaling [25,26]. Type I IEN receptors are extensively distributed on the surface
of nucleated cells. The type III IFN receptor complex IL-10R2 is ubiquitous, but the IFNLR1
subunit is only expressed in specific cells and tissues. Research has revealed that IFN-III
receptors are also distributed in greater quantities in epithelial cells than in other cells and
are involved in mucosal immunity [27]. In addition, with either autocrine or paracrine
function, three different types of IFNs bind to high-affinity receptors (IFNAR2, IFNGR1,
and IFNLR1) on the surface of the cell, recruiting low-affinity receptor subunits (IFNAR1,
IFNGR2, and IL-10R2) to produce complexes that can transmit signals, further inducing
the expression of hundreds of antiviral proteins encoded by ISGs and the transcription of
antiviral effector ncRNAs, thereby activating antiviral innate immune defenses [28].

Several groups simultaneously found that a variety of ncRNAs are induced by type
I, II, and III IFNs [29-32]. For example, STAT3 homodimers indirectly suppress proin-
flammatory gene expression by facilitating suppressors of cytokine signaling 3 (SOCS3)
expression [33,34] and miR221/222 expression [35-37], or induce hitherto unknown tran-
scriptional repressors. These studies strongly suggest that there is a close relationship
between IFN-mediated antiviral innate immunity and ncRNAs.
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Figure 1. Interferon (IFN)-stimulated gene (ISG) expression. The three types of IFNs trigger similar
downstream signal transduction and transcriptional reactions, albeit these reactions are mediated
through different receptors. Type I IFN and type III IFN receptors actively phosphorylate JAK1 and
TYK2, which phosphorylate the specific intracellular tyrosine residues of the receptors. STAT1/2/3
are recruited and phosphorylated. Type II IEN receptors trigger the phosphorylation of bound JAK1
and JAK2, and then phosphorylate receptor chains to induce the recruitment and phosphorylation
of STAT1. STAT1 and 2 form a heterodimer that recruits IRF9 to form IFN-stimulated gene factor
3 (ISGF3), which is translocated into the nucleus and binds to IFN-stimulated response element
(ISRE) sequences to trigger antiviral gene expression. STAT3 homodimers suppress proinflammatory
gene expression. STAT1 homodimers bind to the gamma-activated sequence (GAS) to activate the
inflammatory response. Phosphorylated STAT3 sequesters activated STAT1 to form heterodimers
and prevent STAT1 from forming functional homodimers that trigger downstream gene expression.
Gamma-activated factor (GAF).
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1.3. Features and Functions of ISGs

Approximately 2000 ISGs in humans and mice have been identified to date. However,
most of these have not been functionally characterized [38]. Analyses of >300 known
ISGs indicate that they mainly play an immunomodulatory role. They can directly induce
antiviral activity, especially by enhancing host cell recognition of and response to pathogens,
and can negatively regulate IFN signaling pathway activity. To successfully infect a host, a
virus needs to enter a target cell to replicate, assemble, and proliferate. ISGs produced by
host cells are directly involved in the antiviral response. These ISGs target the key steps of
virus infection and inhibit virus replication.

In addition, most PRRs that recognize viruses and the molecules involved in IFN
signaling are ISGs, such as protein kinase R (PKR), cGAS, and the IFN regulator 1/3/7/9
(IRF1/3/7/9). ISGs are expressed at a basal level when not stimulated by exogenous
factors. However, once a pathogen is recognized, downstream signaling pathways are
activated and the expression of many ISGs is induced, including molecules involved in
other PRRs and IFN signaling pathways. If not quickly eliminated or overactivated, IFNs
produce signals that may lead to chronic inflammation or autoimmune diseases. Thus,
host cells activate and produce a series of ISGs that negatively regulate IFN signaling
to maintain host immune balance. Furthermore, post-translational modification of the
virus and host proteins exerts an impact on viral replication. For example, ISG15 is one
of the most highly expressed ISGs, which can inhibit herpes virus, influenza virus, and
coxsackievirus B3 infection [39]. ISG15 is a 15-kDa ubiquitin-like protein that plays a role
in the post-translational modification of hundreds of viral and host proteins [40,41].

2. The Role of NcRNAs in Antiviral Innate Immunity Regulation

Each stage of the viral life cycle is affected by the antiviral proteins encoded by ISGs.
According to the life cycle of the virus, antiviral ISGs can be broadly divided into three
categories: ISGs that encode proteins that prevent virus entry into cells, inhibit virus
replication and translation, or prevent virus release from cells (Figure 2). Moreover, some
ISGs can participate in antiviral innate immunity through their transcribed ncRNAs [42,43].
These ncRNAs usually regulate transcription, splicing, and nucleic acid degradation by
acting as a decoy, and they modulate translation via RNA-DNA, RNA-RNA, or RNA-
protein interactions. IFN-induced ncRNAs can also be used as novel antiviral effectors to
participate in antiviral innate immunity.

NcRNAs are roughly sorted into short ncRNAs (fewer than 200 nt) and IncRNAs
(more than 200 nt). A number of miRNAs and IncRNAs have been reported to be involved
in antiviral activity. The miRNAs constitute a class of short ncRNAs of ~22 nt in length
that participate in different biological processes through the post-transcriptional regulation
of genes. The IncRNAs are grouped into intronic IncRNAs, long intergenic IncRNAs
(lincRNAs), antisense IncRNAs, pseudogene IncRNAs, and eRNAs based on their position
in the genome or relationship to mRNA. In addition, emerging circRNAs are classified as
IncRNAs that are generated by back splicing and 3’ to 5’ end self-ligation. The IncRNAs
can act as miRNA sponges, scaffold for macromolecules, decoy proteins, and transcription
regulators. Notably, most ncRNAs do not encode proteins, but encode small functional
polypeptides. Interestingly, we note that a class of ncRNAs regulated by IFN may be
involved in antiviral innate immunity. Therefore, it is meaningful to classify IFN-induced
ncRNAs as ISG complement products into interferon-stimulated non-coding RNA (ISR).
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Figure 2. Antiviral innate immunity induced through ISGs. ISG products interfere with different
stages of viral life cycles. Long noncoding RNAs (IncRNAs) act as ISGs in the regulation of antiviral
innate immunity. (D) IncRNA #32/LUARIS positively regulates the expression of ISGs by interacting
with ATF2 and hnRNPU. 2) IncRNA EGOT/CSR32 inhibits the expression of ISGs. (3 IncRNA
CMPK2/NRIR suppresses ISGs transcription in hepatocytes or epithelial cells, and up-regulates the
expression of ISGs in human monocytes. (4) BISPR/IncBST2 promotes the expression of the antiviral
ISG BST2/tetherin. (5) Through its spatial domain, IncRNA IFI6 regulates histone modification at
the IFI6 promoter, inhibiting the expression of IFI6. @ IncRNA MXxA inhibits the transcription of
IEN-B. D) As an endogenous competitive RNA, Inc-ISG20 binds to the microRNA (miRNA) miR-326,
releasing ISG20 mRNA from the miRNA. IncRNA ITPRIP-1 promotes the inhibitory effect of
MDADS by facilitating the binding of MDAS5 to viral RNA. (9) IncRNA Lrrc55-AS supports PME-1-
mediated demethylation and inactivation of PP2A, enhancing IRF3 phosphorylation and signaling.
IncRNA Lsm3b binds RIG-], restricting the conformational change in RIG-I protein and thus
preventing downstream signaling. Red arrow stands for promoting; blue arrow stands for inhibiting;
green arrow stands for promoting or inhibiting depending on the cell type. The IncRNAs D-® are
involved in antiviral factor transcription, and (7)-0) affect the antiviral factors post-transcription.

2.1. Effect of IFN-Induced miRNAs

The effect of miRNA on mRNA translation and stability is well established. Previous
studies have attempted to explore the role of miRNAs in viral infection, and found that the
interaction between miRNA and the RNA viral genome directly regulates viral pathogene-
sis [44]. To date, two outcomes of these interactions have been identified, both of which
directly affect virus replication. One is to prevent viral replication by inhibiting viral trans-
lation; the other is to maintain the stability of viral RNA to enhance replication. Moreover,
miRNA-mediated changes in protein expression alter the host’s response to infection.

2.1.1. IFN-Induced MiRNAs Directly Affect Virus Replication

Furthermore, IFN-induced miRNAs directly target viral transcripts. IFN-[3-regulated
miRNAs substantially reduce hepatitis C virus (HCV) replication and are sufficient to

145



Viruses 2022, 14, 2607

impose an antiviral cellular state. A customized microarray containing 245 human and
mouse miRNAs was used to characterize IFN-regulated miRNAs in Huh? cells, and the
expression of 30 miRNAs was found to be either induced or repressed. The seed sequences
of eight up-regulated miRNAs (miR1, miR30, miR128, miR196, miR296, miR351, miR431,
and miR448) were complementary to those in HCV RNA, which was a surprising result. In
addition, IFN inhibits miR122 expression and thus positively controls HCV replication [13].
Notably, miR-122 is critical for maximum HCV replication, and strategies based on blocking
this miRNA to prevent HCV replication have shown promise in both in vivo models and
preliminary clinical trials [45]. Furthermore, miR122 can target hepatitis B transcripts [46],
whereas miR29 targets human immunodeficiency virus (HIV) transcripts [47]. Both miR122
and miR29 were previously identified as IFN-regulated miRNAs.

2.1.2. IFN-Induced MiRNAs Mediate the Expression of Host Proteins

Altering miRNA transcription or activity may lead to important consequences for
IFN responses, and recent reports suggest that IFN stimulation can affect cellular miRNA
expression [15]. For example, IFN-y-activated STAT1 induces the expression of miR-155
via directly binding to the miR-155 promoter [48]. STAT1 binds to the miR-146a promoter,
leading to the inhibition of miR-146a expression [49]. In addition, miR-155 expression
induced by viral infection targets SOCS1 (a STAT inhibitor) to inhibit SOCS1 activity and
generates feedback to promote IFN-I-mediated antiviral activity [48,50].

MiRNAs may indirectly down-regulate the expression of ISGs, thereby antagonizing
the IFN-I response. For example, miR-221 expression, caused by up-regulation of miR-221
expression in peritoneal macrophages induced by viral infection, negatively regulates
the innate antiviral response to vesicular stomatitis virus (VSV) [35]. In addition, STAT3
stimulates miR-221/222 expression, which targets PDLIM2 to stabilize and increase STAT3
levels [36]. Further, inhibition of miR-221/222 up-regulates the expression of components
of the IFN-« signaling pathway (including STAT1, STAT2, IRF9, and several ISGs) in
human glioma cell lines [37]. Hence, miR-221/222 can indirectly regulate ISG expression
by affecting the balance of STAT1/STAT2 verses STAT3 homodimer signaling.

2.2. Effect of IFN-Induced LncRNAs

The regulatory effect of IFN-induced IncRNAs on antiviral proteins has been con-
firmed. In response to viral infection or IFN stimulation, many IncRNAs are produced,
which regulate various activities as shown in Figure 2 and Table 1. The roles of these IFN-
induced IncRNAs in regulating ISG cis-transcription, ISG trans-expression, ISG translation,
and IFN expression are reviewed below.

Table 1. Interferon (IFN)-induced IncRNAs act as ISGs and are involved in the host antiviral innate
immune response.

IncRNAs Description Stimuli Regulation Eged on eral Characteristics/Functions References
eplication
LncRNA CMPK2/NRIR
inhibits ISG (CMPK2,
CXCL10, IFIT3, IFITM1,
ISG15, Viperin, and
. IFITM3) transcription by
Negative regulatory forming RNA-protein
factor of ISG . .
complexes, interacting
hepatocytes or with chromatin during
LncRNA 3 . . IFN-«, IFN-y, HCV, -~ remodeling, or
CMPK2/NRIR epithelial cells; LPS Up +/ transcription factors in (29,51,52]

positive regulator of
the LPS-induced
IFN response in
human monocytes.

hepatocytes or epithelial
cells;

NRIR upregulates the
expression of IFN-I
stimulated genes
(CXCL10, MX1, IFITM3,
and ISG15) in
monocytes.
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Table 1. Cont.

IncRNAs Description Stimuli Regulation Egect on eral Characteristics/Functions References
eplication
i IFN-«2, IEN-A, IAV Promotes the expression
BISP%/SI?ZCRNA P Osllgéer:zggf;;’r of (PRSANS1), Up - of the antiviral ISG [31,53]
P ’ VSV(M51R), HCV BST2/tetherin.
IFN signaling
pathway negative Inhibits the expression
regulator; IFN-«2, poly(I:C), of ISGs (GBP1, ISG15,
EGOT/CSR32 induced by NF-«B 1AV, HCV, SFV Up * Mx1, BST2, 1SG56, IFI6, [54]
after PKR or RIG-I and IFITM1).
activation.
Positive regulator of
the ISG response; Lnc-ISG20, as an
has the same endogenous competitive
LncRNA ISG20/ chromosomal IEN-3, IAV, SeV, U - RNA that binds to [42]
NONHSAG017802 location as ISG20; poly(I:C) p miR-326, releasing ISG20
most of the mRNA, and inhibiting
sequences are the IAV replication.
same.
Lnc-MxA negatively
regulates the
R Tmdted i
NISII\CII}{IIETQ(_%;%{B signaling pat‘tTway IEN-B, IA_V’ SeV, Up + inhibits the transcript,ion [43]
regulator; poly(I:C) L
in the MxA locus of IFN-{3 by combining
: with the IFN-3
promoter to form a
IncRNA-DNA triplex.
Negative regulator Through its spatial
of the ISG response; domain (large right arm),
LncRNA overlaps with the it regulates histone
IFI6/IncRNA antisense strand of IFN-o. HCV U modification at the IFI6 1
N IFI6 within intron 1 % p * romoter, inhibiting the [11]
RP11-288L9.4 . ; P .' &
and is located in the expression of IFI6 and
IFI6 gene in the promoting HCV
human genome. infection.
It relies on RIG-I
signaling and inhibits
LncRNA ISR Within 1the BAHCC1 IEN-B, IAV Up - 1AV replicationf ] [12]
ocus. however, the specific
mechanism is still
unclear.
It positively regulates
L. the expression of IRF7,
LncRNA | Positive IV IENCB. oolv(l C b CCL5, CXCL11, OASL, 55
#32/LUARIS signa mglpat way “B, poly(l: €) own - RSAD2, and IP-10 by (53]
regulator. interacting with ATF2
and hnRNPU.
Promotes the inhibitory
effect of MDAS5 on HCV
LncRNA ITPRIP-1 Cofactors of MDAS. IFN—ge,VH\C/;g/\,/HSV, Up — replication by facilitating [56]
! the binding of MDAS to
viral RNA.
It supports
PME-1-mediated
- demethylation and
LncRNA Lrrc55-AS Pf;g‘f regulatorof - IFN-$, poly(L:C), Up - inactivation of PP2A, 157]
-I production. HSV, LPS, -
enhancing IRF3
phosphorylation and
signaling.
Negative IFN Its binding restricts the
signaling pathway conformational change
regulator; of the RIG-I protein and
LncRNA Lsm3b mu%tivalent IEN- Z’ IEN-B, VSV, Up + prevents dori/vnstream [58]
. eV, HSV . . A
structural motifs signaling, terminating
and long-stem the production of type I
structure. IFNs.
Repressed PSMB8-AS1
PSMB8-AS1 Near ?%IPS and IAV and IFN-( Up + redrilces IAV replication [59]
' and proliferation.
Near Chemokine
(C-C Motif) Ligand
5 (CCL5) and TATA
AC015849.2 Box Binding Protein IAV and IFN-3 Up NA NA [59]
(TBP)-Associated
Factor (TAF15).
RP-1-7H24.1 e O oS TAV and IFN- Up NA NA [59]
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Table 1. Cont.

IncRNAs Description Stimuli Regulation Egect on eral Characteristics/Functions References
eplication
CTD-2639E6.9 lncélr\lIXIETirr%ceI?Il\‘I: A). IAV and IFN-§ Up NA NA [59]
A sense intronic
IncRNA that lies
within introns and
PSOR1C3 does not overlap TAV and IFN-$3 Up NA NA [59]
with exons; near
POUS5F1 and
HLA-C.
3 prime
overlapping
IncRNA that
overlaps the 3'-UTR
AC007283.5 of a protein-coding IAV and IFN-3 Up NA NA [59]
locus on the same
strand; near
CASP10 and
CFLAR.
RP11-670E13.5 Near QA% oS3 IAV and IFN-B Up NA NA (59]
IFN-o2, IEN-A, IAV
LncISG15 Near ISG15. (PR8ANST), VSV Up NA NA [31]
(M51R), HCV
Located at the end
of the GBP gene IEN-a2, IFN-
ISR2 “l‘g];egéadla;‘.’“t to HCV, IAV Up NA NA [32]
,anaisa (PR8ANST), HIV
pseudogene of
GBP1.
IFN-o2, IFN-3,
ISR8 Near IRF1. HCV, IAV Up NA NA [32]
(PR8ANST)
IFN-«2, IFN-3,
ISR12 Near IL-16. TNF«, LPS, Up NA NA [32]
poly(I:C)

2.2.1. IFN-Induced LncRNAs Regulate ISGs cis-Transcription

IEN-induced IncRNAs can be co-expressed with adjacent ISGs to regulate the latter
in cis. Some IncRNAs originate from bidirectional promoters shared with ISGs or are
located nearby (<2 kb) immune-related protein-coding genes [60]. For example, Tetherin
is a transmembrane protein encoded by the ISG bone marrow stromal antigen 2 (BST2),
and through the unique topology of this protein, HIV-1 viral particles can be trapped for
subsequent degradation in endosomes or lysosomes, preventing viral budding [61]. ISG-
encoded BST2 can also inhibit the release of progeny influenza viruses [62]. The expression
of IncBST2 depends on the JAK-STAT signaling pathway. The IncRNAs BST2 and BST2
share the same promoter and are co-expressed upon IEN stimulation or influenza infection
to promote the expression of the antiviral protein ISG BST2/tetherin [31,53].

In contrast, IncRNA IFI6 negatively regulates IFI6 promoter function by modifying
histones to inhibit IFI6 expression, thereby increasing HCV replication [11]. The IncRNA
IFI6 is an IF]6-transcribed IncRNA with expression induced by IFN-« or HCV. However, the
IncRNA IFI6 does not exert its regulatory effect through the JAK-STAT signaling pathway.

The loci of IFN- and influenza A virus (IAV)-inducible (PR8ANS1), ISR2, ISRS8, and
IncISG15 are close to those of ISGs GBP1, IRF1, and ISG15, respectively [31,32]. After IAV
infection, the expression levels of ISR2, ISR8, and IncISG15 are significantly increased, and
the expression levels of downstream genes display the same up-regulated trend [31,32].
In addition, the expression of ISR12 is strongly induced by IFN at late times, ISR12 is
located upstream of IL-6, and the ISR12 promoter has a binding site for NF-kB [32]. These
studies reveal an important role for ISR2, ISR, ISR12 and ISG15 in viral infection and IFN
regulation. However, the underlying mechanisms remain uncertain.

2.2.2. IFN-Induced LncRNAs Regulate ISGs trans-Expression

IEN-induced IncRNAs also can regulate ISGs in trans. For example, IncRNA #32
leverages the interaction between hnRNPU and ATF2 to regulate ISG expression and
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positively regulate the host antiviral response. Interestingly, the IncRNA is negatively
regulated by IFN- [55]. IFN-«2 or the IAV can induce IncRNA EGOT activity. The EGOT
IncRNA negatively regulates antiviral response by inhibiting the expression of ISGs (GBP1,
ISG15, and Mx1) [54].

In addition, IFN-induced IncRNAs differentially affect the expression of ISGs in
different types of cells. The IncRNA NRIR is also known as the IncRNA CMPK2. LncRNA
CMPK2 activity is induced by IFN or HCV in hepatocytes, and it is a negative regulatory
factor of ISG-induced inhibition of HCV replication [29]. Hantavirus (HTNV) infects
epithelial cells in the same manner that HCV infects hepatocytes, and NRIR is a negative
regulator of infection promoters. For example, IFITM3 inhibits HTNV infection, but
IFITM3 action is negatively regulated by NRIR [51]. Thus, IncRNA CMPK2 has high cell-
and induction stimulus-specificity. The expression of repressed ISGs in hepatocytes or
epithelial cells is re-established by up-regulation IncRNA CMPK2 induced in monocytes to
promote lipopolysaccharide (LPS)- induced activation of IFN signaling [52]. Together, these
results confirm the role of IncRNA CMPK2/NRIR as a negative regulator (hepatocytes and
epithelial cells) and a positive regulator (monocytes) of the IFN response.

2.2.3. IFN-Induced LncRNAs Regulate ISGs Translation

As competitive endogenous RNAs (ceRNAs), IncRNAs can trap miRNAs. Some IncR-
NAs contain miRNA-targeted mRNA sequences, and IncRNAs contain miRNA-targeted
mRINA sequences that are similar to miRNNA-targeted mRNA sequences, which can pro-
mote the release of mRNA from miRNA and thus antagonize miRNA function. Our study
shows that IFN-f- or IAV-induced IncRNA ISG20 is a ceRNA. As a common miRNA of
the ISG20 gene and IncRNA ISG20, miR-326 acts on the 3’ untranslated region (UTR) of
ISG20 mRNA to suppress ISG20 translation. We found that Inc-ISG20 binds to miR-326 and
acts as a ceRNA, which ablates the inhibitory effect of miR-326 on ISG20 mRNA, increases
ISG20 protein levels, and inhibits influenza virus replication [42].

2.2.4. IFN-Induced IncRNAs Regulate IFN Expression

IFN-induced IncRNAs exert regulatory effects by modulating the transcription of
target genomic loci in trans to inhibit IFN signaling pathway activation. Our previous study
reports that ISG MxA transcribes a IncRNA after IAV infection or IFN-f stimulation [43].
MXA acts as a broad-spectrum antiviral by trapping viral components early during infection
and preventing the virus from reaching host cells [63-66]. We found that a IncRNA-
DNA triplex was formed by Inc-MXA binding to the IFN-f3 promoter, interfering with
IRF3 and p65 binding to the IFN-f promoter, inhibiting the transcription of IFN-f in
trans, negatively regulating RIG-I-mediated antiviral immune response, and promoting
IAV proliferation [43]. IFN-induced IncRNA participates in antiviral innate immunity by
inhibiting RIG-I activation. IncRNA Lsm3b binds RIG-I monomers to compete with viral
RNA, and the feedback generated at the late stage of the innate reaction leads to RIG-I-
induced inactivation of innate immune function. Mechanistically, IncRNA Lsm3b binding
limits conformational changes in the RIG-I protein and prevents downstream signaling,
terminating type I IFN production [58].

In addition, IncRN As can be cofactors to mediate interactions between macromolecules,
thereby inhibiting viral replication. Binding of IncITPRIP-1 to MDA5 promotes MDAS
oligomerization and enhances the association between MDA5 and HCV RNA, resulting
in downstream MAVS that promotes signaling and produces IFN that inhibits HCV repli-
cation [56]. LncRNA Lrrc55-AS binds to phosphatase methylesterase-1 (PME-1) and pro-
motes the interaction between PME-1 and phosphatase PP2A (an IRF3 signaling inhibitor).
LncLrrc55-AS supports PME-1-mediated demethylation and PP2A inactivation, which
enhances IRF3 phosphorylation and signaling pathways, promoting IFN-I production and
inhibiting viral replication [57].

Moreover, there are many IFN-induced IncRNAs whose functions remain unknown.
For instance, the effect of IncRNA ISR is dependent on the effect of IAV or IFN-o-induced
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RIG-I, and IncRNA ISR inhibits IAV replication, but the specific mechanism remains
unclear [12]. Further, seven candidate IAV- and IFN-up-regulated IncRNAs have been
identified: AC015849.2, RP-1-7H24.1, PSMB8-AS1, CTD-2639E6.9, PSOR1C3, AC007283.5,
and RP11-670E13.5. Among them, inhibition of PSMB8-AS1 reduces IAV replication and
proliferation [59].

2.3. Effect of CircRNAs

CircRNA is a newly discovered class of single-stranded ncRNAs that can inhibit
the activity of other RNAs or RNA-binding proteins. With the continuous development
of sequencing technology, many circRNAs have been identified in animals, plants, and
humans. Notably, circRNAs display specific expression patterns dependent on cell type,
tissue type, and developmental stage, revealing their significant regulatory role in gene
expression. More importantly, circRNAs sponge miRNA, an important regulator of gene
expression. For example, it is reported that circ-Vav3 expression is up-regulated in chicken
hepatomas infected by avian leukemia virus J-subunit, causing sponging of gga-miR-375 to
eliminate the effect of the miRNA on its target gene, YAP1, increasing YAP1 expression, and
inducing the epithelial-mesenchymal transition [67]. Additionally, the alternative splicing
of mRINA before it forms a circRNA affects protein production. When ectopically expressed
in Kaposi’s sarcoma herpes virus (KSHV) infected cells, the circRNA hsa_circ_0001400,
which is induced by KSHYV infection, regulates viral gene expression without affecting viral
genome replication [68]. CircRNAs can also be translated into small peptides. Carcinogenic
human papillomavirus (HPV)-induced circRNAs contain part of the E7 oncogene, which
is modified by N6-methyladenosine (m6A), preferentially localized in the cytoplasm, re-
lated to polysomes, and ultimately translated into the E7 oncoprotein to facilitate cancer
cell growth [69]. CircRNAs impair autophagy and participate in viral infection. After
infection with HIN1-subtyped IAV, the expression of circGATAD2A is up-regulated, but
overexpression of circGATAD2A impairs autophagy and promotes IAV replication [70].
CircRNA produced in vitro activates RIG-I-mediated innate immune responses and confers
protection against viral infection [71].

CircRNAs have antiviral effects similar to ISGs. Because circRNAs are derived from
pre-mRNA, they are transcribed ISGs, and many ISG exon- or intron-specific circRNAs
have been identified [72]. CircRNAs also regulate IFN signaling to participate in antiviral
innate immunity. A novel intron splicing circRNA, AIVR, is up-regulated by IAV infec-
tion, which acts as a miR-330-3p sponge to release CREBBP mRNA [73]. Thus, increased
cellular expression of CREBBP can accelerate IFN-f3 production. However, whether IFN
can induce AIVR in IAV-infected A549 cells needs further study. In addition, IAV-PR8
induces circRNA_0082633 by JAK-STAT signaling activation, enhancing ISRE promoter
activity to up-regulate IFNB1 mRNA levels, promoting type I IFN signaling [74]. Im-
portantly, hundreds of circRNAs may be involved in M1 macrophage activation after
IFN-y stimulation [75].

3. Discussion
3.1. Validation of IFN-Induced NcRNAs Complements the Traditional Definition of ISGs

IENs trigger the transcription of ISGs, change the protein composition of host cells,
and mediate the antiviral state. Although IFN-mediated antiviral innate immunity has been
studied for many years, more research is needed to understand IFN-regulated antiviral
mechanisms. Many recent discoveries in infectomics based on contemporary sequencing
and proteomic techniques have changed our understanding of IFN-related biology [4,30,76].
In a narrow sense, ISG expression is up-regulated at the transcriptional level in response
to stimulation with IFN, a direct target of the IFN signaling pathway. ISGs have tradi-
tionally been thought to function through the proteins they encode, but recent studies
have shown that they can also exert antiviral functions through the ncRNAs they tran-
scribe [13,29,30,42,43]. Peng et al. [77] detected that widespread differentially expressed
(DE) IncRNAs respond to virus infection and regulate the host’s innate immune response
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by sequencing analysis. Interestingly, most up-regulated DE IncRNAs after viral infec-
tion are also significantly up-regulated by IFN-o treatment [30,77]. Therefore, promoter
analysis and expression correlation studies suggest that these IncRNAs might be ISGs [30].
For example, a recent study used ChIPBase v2.0 to reveal that the expression of IncR-
NAs in SARS-CoV-2-infected cells might regulate STAT1, STAT3, and IFN regulatory
factors [78]. These studies have updated our understanding of the biological landscape of
IFNs and IncRNAs.

Andrew et al. investigated the presence of IFN-induced ncRNAs in human cells. They
found hundreds of DE ncRNAs, but by analyzing ISG-encoded transcript types, a total of
90% and 92% of up-and down-regulated genes were classified as protein-coding genes,
respectively [79]. Along these lines, we propose that IFN-induced ncRNAs complement
ISG products. As genome annotation becomes more complete and more ncRNAs are
discovered, a deeper understanding of the role of ncRNAs in antiviral innate immunity will
become possible. Of note, the expression of many ISGs is induced by IFNs, viral infection,
double-stranded RNA, and signaling pathways [80]. Therefore, studying IFN-induced ISGs
and ISGs triggered by pathogenic microorganisms will help to discover ISGs and reveal
their antiviral mechanisms.

3.2. Diversity of IFN-Induced NcRNAs

The dozens of IFNs are classified into three categories. The classification of IFNs
may lead to the diversity of IFN-induced ncRNAs. As seen in Figure 1, IFNs activate
multiple signaling pathways through different receptors. Different signaling pathways
stimulated by IFNs may induce different ncRNAs. Although the type I and type III IFN
genes are distinct and bind to different receptors, they are induced by the same pathologic
route of infection and activate the expression of relevant antiviral, antiproliferative, and
immunoregulatory genes. Although IFN-vy is derived only from immune cells, its receptor
is expressed at moderate or low levels in almost all cell types [23]. The structure of type
II IFNs is independent of that of type I and III IFNs, but it induces the same transcription
of some ISGs as that induced by type I IFNs [81]. Moreover, type I IFN signaling initiates
IFN-vy signaling [82]. In addition, the distribution of receptors in different cells may be the
reason ncRNAs exhibit specific expression patterns that depend on cell or tissue type. These
results suggest that IFN-induced ncRNAs are diverse, but some of them can be induced by
all types of IFNs, which may play a more important role in antiviral immunity responses.

The expression of ncRNAs largely depends on the cell type and is tightly controlled
by various cellular signaling pathways. Because different IFNs induce the expression of
different proteins, different IFNs specifically induce the expression of various ncRNAs.
For example, numerous ISG-encoded proteins inhibit HCV replication. However, certain
ISG-encoded proteins, such as ISG15 and USP18, promote HCV replication. Thus, ncRNAs
act as positive or negative regulators to orchestrate a complex network and balance the
IEN response, similar to the effect of ISG-encoded proteins. Furthermore, high-throughput
sequencing of the transcriptome reveals that sequences in ncRNAs are similar to those
reported to be in ISGs, suggesting that they originate from the transcription of the same
genes. The ncRNA network of ISGs may help extend our understanding of the innate
immune system against viruses. Whether IFN-stimulated ncRNAs interact with IFN-
stimulated proteins to play a synergistic or antagonistic role in innate immunity remains to
be further investigated.

3.3. Specificity of NcRNAs Induced by a Viral Infection

The characterization of ncRNAs not only provides a novel model for host defense
in mammalian cells, but has also enabled the identification of novel components that
can be added to the repertoire of antiviral effectors. Similar to the IncRNA VIN [83],
these ncRNAs are induced only by specific viruses and are not affected by a general viral
or IFN response, which is associated with differences in virulence. Additionally, some
ncRNAs are not expressed at the same level when stimulated by different viruses, and
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some play opposite roles in the antiviral response. For example, IncRNA NEAT1 is up-
regulated by HIV-1 [84,85], Herpes simplex virus (HSV) [86,87], HTNV [88], hepatitis D
virus [89], and IAV [86], but down-regulated by severe dengue virus [90]. In general,
up-regulation of IncRNA NEAT1 expression appears to be a general response to viral
infection. However, by promoting HSV infectivity, IncRNA NEAT1 inhibits the replication
of other viruses. Whether the consequences promote or inhibit viral infection depends on
downstream mechanisms.

3.4. Others Potential Effects of NcRNAs on Host Antiviral Innate Immunity

Many recent advances have been made in identifying ncRNA modifications and have
been used to study their effects on IncRNAs and circRNAs, in addition to ribosomal RNAs
(rRNAs) and tRNAs [91]. The methylation of adenosine at the N6 position in mammalian
RNA is a highly abundant RNA base modification that promotes efficient initiation of
translation of circular RNA proteins, participates in cellular activities, or performs other
functions [92]. Therefore, we wondered whether different RN A modifications of IFN-
stimulated ncRNAs could affect ncRNA function in antiviral immunity. IFN-stimulated
ncRNAs are translated whether or not they participate in antiviral immunity through
peptides. However, whether IFN-stimulated ncRNAs directly exert antiviral effects by
targeting viral proteins remain to be determined. Both circRNAs and IncRNAs interact with
miRNAs to perform various biological functions. Numerous circRNA-miRNA-mRNA
interactions have been identified in viral infection, but the functions of these interaction
networks remain to be further explored. Furthermore, whether IFNs induce certain other
ncRNAs, such as snRNAs, rRNAs, piRNAs, and/or tRNAs, to participate in antiviral
innate immunity is a worthy direction for future research. Indeed, determining whether
IFNs induce these RNAs to participate in antiviral innate immunity and whether they form
interaction networks warrants further investigation.

4. Conclusions

Given the role of IFN-stimulated ncRNAs in antiviral immunity, which enriches our
understanding of IFN-mediated antiviral innate immunity, we were interested in determin-
ing the function of IFN-induced antiviral ncRNAs as ISGs. The IFN-stimulated miRNAs
can directly target viral transcript or indirectly affect host protein expression to take part
in antiviral innate immunity. The IFN-stimulated IncRNAs regulate gene expression on
translation in cis or trans. Notably, most ncRNNAs do not encode proteins, but some encode
small polypeptides. We were also interested in ncRNA, which encodes peptides that add to
antiviral innate immunity. Compared to other types of ncRNAs, IncRNAs exhibit surpris-
ingly more functions. However, there are still many unanswered questions, such as whether
the evolution of IncRNAs and miRNAs is conserved. In order to solve these outstanding
problems, future studies need to focus on IncRNA biology and immune-related IncRNA
functions in vivo. In addition, emerging circRNAs are classified as IncRNAs generated by
back splicing and 3’ to 5’ end self-ligation. However, few reports address the basic mecha-
nisms of IAV infection and replication, or the regulatory mechanisms by which circRNAs
affect the interaction between IAV and host cells. Therefore, research on circRNA with
respect to antiviral innate immune responses induced by influenza virus, the molecular
basis of virus RNA binding proteins, the circRNA transcription regulatory mechanisms,
analysis of circRNA effects on cell function, and determining the network(s) involved in
signaling pathways and regulation are worthy of future research. We expect to find that
circRNAs regulate cell functions and discover the mechanisms by which they influence
viral replication and pathogenicity.
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Abstract: SARS-CoV-2 has become a global threat to public health. Infected individuals can be
asymptomatic or develop mild to severe symptoms, including pneumonia, respiratory distress, and
death. This wide spectrum of clinical presentations of SARS-CoV-2 infection is believed in part
due to the polymorphisms of key genetic factors in the population. In this study, we report that
the interferon-induced antiviral factor IFITM3 inhibits SARS-CoV-2 infection by preventing SARS-
CoV-2 spike-protein-mediated virus entry and cell-to-cell fusion. Analysis of a Chinese COVID-19
patient cohort demonstrates that the rs12252 CC genotype of IFITM3 is associated with SARS-CoV-2
infection risk in the studied cohort. These data suggest that individuals carrying the rs12252 C allele
in the IFITM3 gene may be vulnerable to SARS-CoV-2 infection and thus may benefit from early

medical intervention.

Keywords: SARS-CoV-2; COVID-19; IFITM3; rs12252

1. Introduction

The coronavirus disease 2019 (COVID-19) epidemic emerged in Wuhan, China, in De-
cember 2019, and has since spread worldwide. COVID-19 is caused by a new coronavirus,
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) [1,2]. Effective drugs and
vaccines against SARS-CoV-2 are the hope of halting the rapid spread of COVID-19.

The severity of COVID-19 varies widely between infected individuals. Many are
asymptomatic, some show mild symptoms, and a significant number of severe cases de-
velop pneumonia, respiratory distress, and even death [3]. It is believed the polymorphisms
of key genes in part underpin this broad range of COVID-19 symptoms, and some of these
genes can be antiviral effectors that are induced by interferon (IFN), given the high sensi-
tivity of SARS-CoV-2 to IFN inhibition [4]. Indeed, the study of the association between
disease severity and single-nucleotide polymorphisms (SNPs) in IFN-stimulated genes
(ISGs) has shed light on the critical roles of certain ISGs in host susceptibility to virus
infections [5,6].

The interferon-induced transmembrane protein (IFITM) family has been demonstrated
to possess broad antiviral activity by blocking virus entry [7-14]. IFITM3 was reported to

157



Viruses 2022, 14, 2553

inhibit respiratory viruses, including influenza A virus [7-9,15]. IFITM3 knockout mice
succumb to the challenge of the otherwise non-lethal influenza A virus [16,17]. In humans,
SNP rs12252-C of IFITM3 has been reported to be associated with disease severities in
patients infected with 2009 HIN1 virus, H7N9 virus, Hantaan virus, and HIV-1 [18-23].
This rs12252 C SNP was proposed to generate an IFITM3 splice variant (ENST00000526811),
which may lead to truncation of the N-terminal 21 amino acids of IFITM3 and thus the loss
of antiviral activity [16,24]. Another SNP rs34481144-A, which is located in the promoter of
IFITMS3 and is associated with lower expression of IFITM3, was also linked to the disease
severity of influenza virus infection [25].

However, the possible role of IFITM3 in the recent SARS-CoV-2 pandemic is controver-
sial [26,27]. Here, we demonstrate that IFITM3 inhibits SARS-CoV-2 infection by preventing
virus entry, and the first 21 amino acids of IFITM3 are indispensable for anti-SARS-CoV-2
activity. The analysis of a Chinese COVID-19 patient cohort indicates that the rs12252 CC
genotype of IFITM3 is associated with the risk of acquiring SARS-CoV-2 infection and the
weakened neutralizing antibody response.

2. Materials and Methods
2.1. Plasmids

The IFITM3 ¢cDNA was cloned into the pQCXIP vector, and the A1-21, YLAA, Y20F,
and Y20A mutations were generated with a PCR-based mutagenesis method as described
previously [24,28]. The pCAGGS-SARS-CoV-2-S expression plasmid was a gift from He
Huang (IPB, Beijing, China). The TMPRSS2 expression plasmid was purchased from
Origene (Cat. No. RC208677). Transfection of plasmid DNA into cells was performed
with Lipofectamine 2000 (Thermo Fisher Scientific,c MA, USA) in accordance with the
manufacturer’s instructions.

2.2. Pseudovirus Production and Infection

SARS-CoV-2 spike protein (S)-pseudoviruses were produced by transfecting HEK293T
cells (CRL-2316) with psPAX2, pLenti-Luc/GFP, and pCAGGS-S. Forty-eight hours after
transfection, the supernatant was collected and passed through a 0.45 pm filter. To de-
termine viral infectivity, viruses were incubated with HEK293T-ACE2 cells for 48 h, and
luciferase activities were measured using the Luciferase Assay System (Promega, WI, USA).
Protein expression in cell lysates was detected by Western blotting.

2.3. B-Lactamase-Vpr Assay

BlaM-Vpr pseudoviral particle fusion assay was performed as previously de-
scribed [29]. Briefly, cells were transfected with the following plasmids in a 10 cm
dish, with 6 pug of psPAX2, 6 pug of BlaM-Vpr, and 6 pug of pCAGGS-S. Transfection
was carried out using PEI. Forty-eight hours after transfection, the supernatant was
collected and clarified with a 0.45 um filter. Then, HEK293T-ACE2 cells were incu-
bated with BlaM-Vpr pseudoviral particles for 8 h, before cells were washed with PBS
and loaded with the CCF2-AM substrate (Invitrogen) for 2 h at 37 °C according to
the manufacturer’s instructions. Following substrate loading, cells were washed and
transferred to FACS tubes for flow cytometry analysis.

2.4. Cell-Cell Fusion Assay

Cell—cell fusion assay was performed as previously described [30]. In brief, HeLa cells
transiently co-expressing SARS-CoV-2 S protein and HIV-1 Tat-Flag were co-cultivated
with HEK293T target cells expressing ACE2 and HIV-1 LTR-Luc for 40 h. Cell fusion was
quantified with luciferase assay based on HIV-1 Tat transactivated expression of luciferase.

2.5. Western Blotting

Cells were lysed in RIPA buffer (25 mM Tris /HCI (pH 7.4), 150 mM NaCl, 1% NP-40,
0.25% sodium deoxycholate, 1 mM EDTA). After clarification by centrifugation, equal
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amounts of cell lysates quantified by BCA™ Protein Assay Kit (Thermo Fisher Scientific,
MA, USA) were separated in SDS-PAGE and transferred to nitrocellulose membranes.
Then, membranes were probed with the indicated antibodies, anti-HA antibody from
Sigma-Aldrich (St. Louis, MO, USA) (1:4000, Cat. No. H6908), anti-Flag antibody from
Sigma-Aldrich (1:4000, Cat. No. F3165), anti-actin antibody from Sigma-Aldrich (1:5000,
Cat. No. A1978), anti-SARS-CoV-2 N antibody from Sino Biological (1:1000, Cat. No.
40143-R019), and anti-IFITM3 antibody from Proteintech (1:1000, Cat. No. 11714-1-AP),
followed by IRDye™ secondary antibodies (Odyssey, Lincoln, NE, USA). The signals were
collected with the Odyssey Infrared Imaging System (Li-Cor, Lincoln, NE, USA).

2.6. Subjects and Samples

Samples of 203 patients (with a median age of 51, 105 males, and 98 females) diagnosed
with quantitative RT-PCR for SARS-CoV-2 infection were investigated in this study. All
patients required hospitalization in JinYinTan Hospital or FangCang Hospital, Wuhan.
Throat swabs and plasma samples of patients were collected for additional viral testing,
cytokine and chemokine quantification, and DNA extraction. This study was approved by
the Ethical Review Board of the Institute of Pathogen Biology, Chinese Academy of Medical
Sciences and Peking Union Medical College. Consent was obtained from competent
patients directly or from relatives/friends/welfare attorneys of incapacitated patients.

2.7. Definition of Mild and Severe Cases

According to the new coronavirus disease-19 (COVID-19)-related pneumonia diagno-
sis and treatment guideline issued by the National Health Commission, patients with mild
clinical symptoms and negative lung imaging present were defined as mild cases. Patients
were defined as severe cases who had pneumonia confirmed by chest imaging and had an
oxygen saturation (SaO;) of 94% or less while they were breathing ambient air or a ratio of
the partial pressure of oxygen (PaO,) to the fraction of inspired oxygen (FiO,) (PaO,:FiO,)
at or below 300 mm Hg.

2.8. Sequencing and Genotyping of rs12252

The region encompassing the human IFITM3 rs12252 sequences was amplified by
PCR from DNA obtained from throat swabs. The amplification was performed using
the following forward and reverse primers, 5-GGAAACTGTTGAGAAACCGAA-3' and
5'-CATACGCACCTTCACGGAGT-3' (Beijing Institute of Genomics, Shenzhen, China).
The products encompassing IFITM3 rs12252 were purified and Sanger sequenced on an
Applied Biosystems 3730 x 1 DNA Analyzer (GATC Biotech, Konstanz, Germany). SNP
genotypes were identified by MEGA-X. Homozygotes were called based on high, single-
base peaks with high Phred quality scores, while heterozygotes were identified based on
low, overlapping peaks of two bases with lower Phred quality scores relative to surrounding
base calls. SNP genotype frequencies in our sequencing were compared with that of the
Chinese Han population from the 1000 Genomes Project database.

2.9. Cytokines and Chemokines Quantification

Plasma cytokines and chemokines were measured using the Human Cytokine Stan-
dard 27-Plex Assays panel and the Bio-Plex 200 system (Bio-Rad, CA, USA) according to the
manufacturer’s instructions. Plasma samples from four healthy adults were used as con-
trols for cross-comparison. These four healthy adults were tested negative for SARS-CoV-2
by RT-PCR and did not have respiratory symptoms or other health-related complaints
before sample collection.

2.10. SARS-CoV-2 Viral RNA Analysis

SARS-CoV-2 viral RNA content was tested using validated primers and probes tar-
geting the nucleocapsid (N) gene, and data were acquired with the Bio-Rad real-time PCR
system [31].
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2.11. Enzyme-Linked Immunosorbent Assay

Enzyme-linked immunosorbent assay (ELISA) was used for detecting IgM and IgG
antibodies against the SARS-CoV-2 N, S, and receptor-binding domain (RBD) as previously
described [32]. Briefly, the purified RBD, S, and N proteins of SARS-CoV-2 were used as
coating antigens. Horseradish peroxidase (HRP)-conjugated goat anti-human IgG (Sigma-
Aldrich, St. Louis, MO, USA) and Horseradish Peroxidase-conjugated AffiniPure Goat
Anti-Human IgM (Jackson ImmunoResearch Inc., West Grove, PA, USA) were used as the
second antibody in 1:60,000 dilutions. The optimal coating concentrations of RBD, S, and N
antigen were 10 ng/well, 20 ng/well, and 10 ng/well. The optimal plasma dilutions were
1:400.

2.12. Neutralizing Antibody Detection

Among the 203 patient samples in this cohort, we had sufficient plasma samples of
only 81 patients to measure the neutralizing antibody level. The neutralization assay was
performed with Vero E6 cells. Serial two-fold dilutions of plasma samples (starting at 1:10)
were pre-incubated with SARS-CoV-2 at 100 TCID50 (50% tissue culture infective doses)
for 2 h and then added to Vero E6 cells. The virus/plasma mixtures were removed after 1 h,
and fresh growth medium was added to each well. The cytopathic effects were evaluated
5 days after incubation at 37 °C. For each plasma dilution, 4 duplicate wells were used. The
neutralizing antibody titers were calculated using the Reed and Muench method [33].

2.13. Statistical Analysis

Statistical analysis of genetic data was performed using the chi-square test with SPSS
software (version 23.0, SPSS Inc., Chicago, IL, USA). The statistical significance of allele
frequencies was determined with Fisher’s exact test. Statistical analysis of cytokine and
chemokine data and antibody data was performed using Student’s ¢ test or the Mann-—
Whitney test, and the correlation analysis was performed using Pearson or Spearman
correlation analysis with SPSS software (version 23.0). * indicates a significant difference
p <0.05, ** indicates p < 0.01, *** indicates p < 0.001, and **** indicates p < 0.0001.

3. Results
3.1. IFITM3 Restricts SARS-CoV-2 Infection

We and others reported that many IFN-inducible genes, including IFITM3, were up-
regulated in COVID-19 patients [34-36]. Given the broad antiviral activity of IFITM3 [7-11],
we investigated whether IFITM3 inhibits SARS-CoV-2 infection. Since IFITM3 impedes
virus entry, we measured the effect of IFITM3 on the infection of lentiviral particles pseudo-
typed with SARS-CoV-2 spike protein. IFITM3 overexpression diminished SARS-CoV-2
S-mediated infection by 2-fold (Figure 1A). Then, siRNAs targeting IFITM3 led to a 50%
increase in the infection of SARS-CoV-2 S-pseudotyped virus (Figure 1B). The N-terminal
21 amino acids of IFITM3, which contain the endocytic sorting signal 20-YEML-23, were
reported to regulate IFITM3 trafficking in cells and antiviral activity [14,24,28]. The N-
terminal 21 amino acids, the tyrosine-based protein sorting signal 20-YEML-23 in partic-
ular, enable IFITM3 to undergo endocytosis and are essential for the antiviral function
of IFITM3 [24,28]. We have thus generated the N-terminal 21 amino acids deletion mu-
tant (A1-21), the endocytic sorting signal mutants YLAA, Y20F, and Y20A, as controls of
non-antiviral IFITM3 mutants. Not surprisingly, the N-terminal 21 amino acids deletion
mutant (A1-21), the endocytic sorting signal mutant YLAA, Y20F, and Y20A, all lost the
ability to inhibit the infection of SARS-CoV-2 S pseudoviruses (Figure S1). Next, we ex-
amined the effect of IFITM3 on SARS-CoV-2 infection of Vero E6 and Huh 7 cells. IFITM3
transfected Vero E6 cells were infected with SARS-CoV-2. Viral RNA was quantitated by
qRT-PCR, and a 5-fold decrease was observed in IFITM3-transfected cells at both 4 hpi
and 8 hpi (Figure 1C). Consistent with its neutral effect on SARS-CoV-2 S pseudoviruses,
the N-terminal 21 amino acids deletion mutant (A1-21) did not inhibit SARS-CoV-2 in-
fection (Figure 1C). In IFITM3-knockdown Huh 7 cells, levels of SARS-CoV-2 viral RNA
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and N protein expression increased by 2-fold (Figure 1D). These data demonstrate the
anti-SARS-CoV-2 activity of IFITM3.
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Figure 1. IFITM3 inhibits SARS-CoV-2 infection. (A) HEK293T-ACE2 cells were transfected with
increasing amounts of GST or IFITM3 plasmid DNA and then infected with lentiviral reporter viruses
pseudotyped with SARS-CoV-2 spike protein. Infection efficiency was determined by luciferase activ-
ities and normalized to that of vector DNA-transfected cells. Statistical significance was determined

161



Viruses 2022, 14, 2553

with Student’s ¢ test. ns, not significant; **, p < 0.01. Expression of GST, IFITM3, ACE2, and actin
was measured by Western blotting. (B) HEK293T-ACE2 cells were transfected with siRNAs targeting
IFITM3 (sil, si2, si3) and then infected with lentiviral reporter viruses pseudotyped with SARS-CoV-2
spike protein. Infection efficiency was determined by luciferase activities and normalized to that of
cells transfected with control siRNA (NC). Expression of IFITM3, ACE2, and actin was measured by
Western blotting. (C) Vero E6 cells were transfected with GST, IFITM3, or A(1-21) IFITM3 and then
infected with SARS-CoV-2 for 4 h or 8 h. Viral RNA level was determined by qRT-PCR, and expression
of N, IFITM3, and actin was measured by Western blotting. (D) Huh?7 cells were transfected with
siRNAs targeting IFITM3 (sil, si2, si3) and then infected with SARS-CoV-2 for 4 h or 8 h. Viral RNA
level was determined by qRT-PCR, and expression of N, IFITM3, and actin was measured by Western
blotting. Data in the bar charts are presented as mean =+ SD of three independent experiments. ns,
not significant; NC, negative control; sil, IFITM3 siRNA1; si2, IFITM3 siRNA2; si3, IFITM3 siRNA3;
h.p.i., hour post-infection. ns, not significant; **, p < 0.01; ***, p < 0.001.

3.2. IFITM3 Inhibits SARS-CoV-2 Entry

As IFITM proteins diminish the entry of different viruses, we next sought to examine
the effect of IFITM3 on SARS-CoV-2 entry by BlaM-Vpr fusion assay. BlaM-Vpr is incorpo-
rated into SARS-CoV-2 S-pseudotyped lentiviral particles and delivered into target cells
upon virus entry. Cleavage of CCF2-AM by BlaM-Vpr produces a fluorescence emission
shift from green (520 nm) to blue (450 nm) (Figure 2A). As shown in Figure 2B,C, IFITM3
expression reduced SARS-CoV-2 S-mediated virus entry in a dose-dependent manner.
Compared with wild-type IFITM3, IFITM3(A1-21) had minimal impact on virus entry
(Figure 2D,E). These data support that IFITM3 inhibits SARS-CoV-2 infection by preventing
virus entry.

We further investigated the effect of IFITM3 on SARS-CoV-2 S-induced membrane
fusion in the cell—cell fusion assay. SARS-CoV-2 S and Tat transfected HeLa cells were co-
cultured with HEK293T-ACE2 cells that expressed IFITM3 and Tat-inducible LTR-luciferase.
After cell—cell fusion, Tat transactivates luciferase expression. Results of luciferase assay
showed that IFITM3 inhibited SARS-CoV-2 S-mediated cell—cell fusion, while no effect was
observed for IFITM3(A1-21) (Figure S2). Together, these data demonstrate that IFITM3
inhibits SARS-CoV-2 S-protein-mediated virion—cell fusion, as well as cell—cell fusion.

3.3. TMPRSS2 Attenuated the Inhibition of IFITM3

TMPRSS2 allows SARS-CoV-2 entry at the cell surface [37,38], and has been shown to
render SARS-CoV-2 resistant to the inhibition of IFITM3 [26,39,40]. Indeed, when TMPRSS2
and IFITM3 were co-expressed in 293T-ACE2 cells, infection of SARS-CoV-2 S-pseudotyped
viruses was less inhibited by IFITM3 compared to that in cells not expressing TMPRSS2
(Figure 3A). We further knocked down IFITM3 in TMPRSS2-positive Calu-3 cells, and did
not observe any effect on infection of SARS-CoV-2 S-pseudotyped virus (Figure 3B). These
data are consistent with previous reports that TMPRSS2 counters the inhibition of IFITM
proteins [26,39,40].
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Figure 2. IFITM3 inhibits SARS-CoV-2 entry. (A) Illustration of the (3-lactamase-Vpr assay.
(B) HEK293T-ACE2 cells were transfected with increasing amounts of GST or IFITM3 and then
infected with BlaM pseudovirus particles. BlaM activity was determined by flow cytometry.
(C) Summary of the percentages of cells exhibiting CCF2-AM cleavage in (B). (D) HEK293T-ACE2
cells were transfected with IFITM3 or A(1-21) IFITM3 DNA, and then infected with BlaM pseudovirus
particles. BlaM activity was determined by flow cytometry. (E) Summary of the percentages of cells
exhibiting CCF2-AM cleavage in (D). Data in the bar charts are presented as mean + SD of three
independent experiments. ns, not significant. *, p < 0.05; **, p < 0.01.
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Figure 3. TMPRSS2 attenuated the inhibition of IFITM3. (A) HEK293T-ACE2 cells were transfected
with IFITM3, TMPRSS2, or IFITM3 together with TMPRSS2 plasmid DNAs and then infected with
lentiviral reporter viruses pseudotyped with SARS-CoV-2 spike protein. Infection efficiency was
determined by luciferase activities and normalized to that of vector DN A-transfected cells. Expression
of TMPRSS2, IFITM3, ACE2, and actin was measured by Western blotting. (B) Calu3 cells were
transfected with siRNAs targeting IFITM3 (si2, si3) and then infected with lentiviral reporter viruses
pseudotyped with SARS-CoV-2 spike protein. Infection efficiency was determined by luciferase
activities and normalized to that of cells transfected with control siRNA (NC). Expression of IFITM3
and actin was measured by Western blotting. Data in the bar charts are presented as mean £ SD of
three independent experiments. Statistical significance was determined with Student’s ¢ test. ns, not
significant; *, p < 0.05; ***, p < 0.001; NC, negative control; si2, IFITM3 siRNA2; si3, IFITM3 siRNA3.

3.4. The rs12252 CC Genotype of IFITM3 Is Associated with the Risk of Acquiring
SARS-CoV-2 Infection

Two SNPs of IFITM3, rs12252-C, and rs34481144-A (Figure 4A) were reported to be
associated with the disease severity of several virus infections [18-23]. To investigate the
possible association of these SNPs with SARS-CoV-2 infection, we sequenced the IFITM3
locus of 203 hospitalized COVID-19 patients, which included 133 mild cases (65.5%),
43 severe cases (21.2%), and 27 deaths (13.3%) (Figure 4B). Sequence analysis showed that
77 patients (37.9%) had the 1512252 CC genotype, 88 patients (43.4%) had the CT genotype,
and 38 patients (18.7%) had the TT WT genotype (Figure 4B). Compared with the prevalence
rate of 25.4% CC in the healthy Chinese Han population (from the 1000 genome project), the
frequency of the CC genotype in 203 COVID-19 patients (37.9%) was significantly increased
(p = 0.04) (Figure 4B,C), even though total C allele frequency did not show significant
changes (Figure 4D). This result suggests that the CC genotype may increase the risk of
SARS-CoV-2 infection. We further explored the correlation between CC genotype and
disease severity, and found that the distributions of CC and CT/TT were 36.1% and 63.9%
in mild cases, 41.9% and 58.1% in severe cases, 40.7% and 59.3% in deaths (Figure 4E,F).
Although no statistically significant differences between these groups were found, the CC
genotype in the severe and dead population tends to be over-presented. Next, the viral
loads in throat swabs were determined, and the results showed no differences between
CC and CT/TT genotypes in the entire patient cohort (Figure 4G), patients with mild
symptoms (Figure 4H), or patients with severe symptoms (Figure 41).
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Figure 4. The rs12252 CC genotype of IFITM3 is associated with the risk of SARS-CoV-2 infection.
(A) Ilustration of SNPs rs12252 and rs34481144 of IFITM3. (B) Frequency of rs12252 alleles in our
203 COVID-19 patient cohort (WH patients), including 133 mild cases (65.5%), 43 severe cases (21.2%),
and 27 deaths (13.3%). Han Chinese: healthy Chinese Han population (from the 1000 genome project).
(C) The frequency of the CC genotype (37.9%) was increased (p = 0.04) in our COVID-19 patient
cohort. (D) Frequency of the rs12252-C allele in our cohort and in the Chinese Han population (data
from the 1000 genomes project). (E) Frequencies of the rs12252 alleles in mild, severe, and death cases.
(F) Frequency of the CC genotype in mild, severe, and death cases. (G) Viral load in the throat swab
samples from the CC and CT/TT carriers. (H,I) Viral load in the CC and CT/TT carriers from the
mild group (H) and the severe group (I). WH patients, Wuhan patients; *, p < 0.05.
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Furthermore, we investigated the association of another SNP rs34481144-A with
SARS-CoV-2 infection. Only one patient in our cohort carries the AG genotype, which
was consistent with 1000 genomes project data. Due to the limited number of the AG
genotype in our patient cohort, we could not conclude the association of rs34481144 A with
SARS-CoV-2 infection (Table S1).

3.5. Levels of Cytokines and Chemokines in COVID-19 Patients with CC or CT/TT Genotypes

Cytokine and chemokine levels in 21 patients (12 CC, 7 CT, and 2 TT genotypes) were
determined. Compared with the healthy controls, plasma levels of IL-13, IL1ra, IL-2, IL-4,
IL-6, IL-8, IL-7, IL-9, IL-13, IL-15, IL-17, basic FGF, IP-10, MCP-1, MIP-1«, PDGF, VEGF,
MIP-133, TNF-«, and RANTES were significantly elevated in COVID-19-related pneumonia
patients, whereas levels of IL-5, IL-10, IL-12, Eotaxin, G-CSF, GM-CSF, and IFN-y were
similar between the healthy control group and COVID-19 patients (Figure S3A). Further
comparison of mild and severe cases showed that levels of MCP-1, MIP-13, and MIP-1a
were significantly higher in severe cases (Figure S3B). We also found that patients with
the CC genotype had lower levels of IL-2, IL-17, and basic FGF than patients with the
CT/TT genotype, but the level of RANTES was higher in CC patients, while levels of IL-1f3,
IL1ra, IL-4, IL-6, IL-8, IL-7, IL-9, IL-13, IL-15, IP-10, MCP-1, MIP-1«, PDGF, VEGE, MIP-1§,
TNF-«, IL-5, IL-10, IL-12, Eotaxin, G-CSF, GM-CSF, and IFN-y did not show a statistically
significant difference between these two groups (Figure 5).

3.6. The rs12252 CC Genotype Might Be Associated with SARS-CoV-2 Neutralizing
Antibody Positivity

We next measured SARS-CoV-2 neutralizing antibodies in 81 patients (35 CC, 32 CT,
and 14 TT genotypes) two to three weeks after the onset of symptoms. We found that
18 of 35 patients with the CC genotype (51.4%) were positive for neutralizing antibodies,
and 34 were positive (73.9%) in the 46 patients of the CT or TT genotype (Figure 6A). The
neutralizing antibody positivity rate was significantly lower in the CC group (x> = 4.356,
p = 0.037), although no difference in neutralizing antibody titers in all positive cases
was observed (Figure 6B). These data suggest that the rs12252 CC genotype is probably
associated with poor neutralizing antibody production. In addition, we measured the levels
of anti-N antibody, anti-S antibody, and anti-receptor-binding-domain (RBD) antibody.
There were no differences in the levels of anti-N antibody or anti-S antibody between
patients with CC and CT/TT genotypes, whereas patients with the CC genotype had a
lower level of anti-RBD antibody IgG (Figure S4).
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Figure 5. Levels of cytokines and chemokines in COVID-19 patients with the CC genotype or the
CT/TT genotypes. Statistically significant differences were observed for IL-2 (p = 0.043), IL-17
(p = 0.013), FGF-basic (p = 0.034), and RANTES (p = 0.034). *, p < 0.05.
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Figure 6. The rs12252 CC genotype is associated with lower positivity frequency of SARS-CoV-
2 neutralizing antibody. (A) The positivity frequency of neutralizing antibodies in patients with
different rs12252 genotypes in two to three weeks after symptom onset (p = 0.0008). (B) Neutralizing
antibody titers in CC and CT/TT patients. ***, p < 0.001.

4. Discussion

IFITM3 has been reported to inhibit a number of pathogenic viruses in the families of
orthomyxoviruses, flaviviruses, filoviruses, and coronaviruses [7-14]. Interestingly, IFITM3
was reported to restrict the entry mediated by the spike proteins of SARS-CoV, MERS-
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CoV, hCoV-229E, and hCoV-NL63, yet it enhances the infection of hCoV-OC43 [8,9,15,41].
IFITM1, IFITM2, and IFITM3 were reported to inhibit SARS-CoV-2 infection, particularly
in cells not expressing the TMPRSS2 protease, which allows SARS-CoV-2 entry at the
plasma membrane [26,39,40,42,43]. In this study, we further showed that IFITM3 inhibited
SARS-CoV-2 infection by preventing virus entry. The first 21 amino acids of IFITM3, which
carry the endocytic sorting signal 20YEML23 and the Y20 phosphorylation site and have
been shown essential for the restriction of VSV and influenza A virus, are also important for
inhibiting SARS-CoV-2. In addition, results of BlaM-Vpr fusion assay and cell—cell fusion
assay support that IFITM3 inhibited SARS-CoV-2 S-protein-mediated virion—cell fusion
and cell—cell fusion, consistent with a previous report [40].

The rs12252 C allele of IFITM3 has been reported to be associated with the dis-
ease severity of several viral infections, including influenza virus, Hantaan virus, and
HIV-1 [18-23]. We now show that our COVID-19 cohort has a significantly higher presenta-
tion of the rs12252 CC homozygous genotype compared to the general control population,
which is in agreement with previous reports [44—46]. The rs12252 C allele was predicted to
affect the splicing of IFITM3 RNA, resulting in the loss of the first 21 amino acids of IFITM3
and the expression of a truncated version of IFITM3 protein A(1-21), which did not inhibit
influenza A virus (A/WSN/1933) [16]. Our study showed that this A(1-21) IFITM3 mutant
also lost the ability to inhibit SARS-CoV-2 infection, which at least partially underlies the
increased risk of acquiring SARS-CoV-2 for those carrying the rs12252 CC genotype. Given
the current lack of strong evidence supporting the expression of A(1-21) IFITMS3 in the
rs12252 CC carriers [47,48], the molecular mechanisms behind the association of rs12252
CC with viral infections warrant further investigation. In any case, the rs12252 C may serve
as one genetic marker for vulnerability to SARS-CoV-2 infection. IFITM3 SNP rs12252 has
been reported to be associated with SARS-CoV-2 infection risk, COVID-19 disease outcome,
and mortality rate in some cohorts [44—46,49-51], but not in others [52,53]. In this cohort
of Chinese COVID-19 patients, we did not observe a statistically significant difference in
the frequency of the CC genotype between the mild, severe, and fatal COVID-19 cases,
nor the viral loads, but did find significantly higher presentations of the CC genotype in
SARS-CoV-2 positive individuals, suggesting an association of IFITM3 with the acquisition
of SARS-CoV-2 infection. These results together suggest that the ultimate effect of IFITM3
polymorphisms on SARS-CoV-2 infection and COVID-19 disease severity might depend on
the genetic background of the studied populations.

IFITM3 SNP rs34481144 was reported to be associated with the risk for hospitalization
after SARS-CoV-2 infection [50,51]. In this study, we also investigated the SNP rs34481144
at the IFITM3 core promoter, and found only one patient carrying the AG genotype in our
cohort. This is consistent with 1000 genomes project data, i.e., Asian descents have a very
low frequency of rs34481144 AA and AG genotypes, which precludes the further study of
the possible association of this SNP with COVID-19 using our cohort.

COVID-19 is characterized by high levels of pro-inflammatory cytokines and chemokines,
including IL-2, IL-7, IL-10, G-CSEF, IP10, MIP-1A, MCP-1, and TNFg, especially in patients
cared for in ICU [3]. Early studies have shown that increased levels of pro-inflammatory
cytokines in plasma, such as MCP1, were associated with pulmonary inflammation and severe
lung damage in SARS-CoV patients [54]. In our COVID-19 cohort, we observed increased
levels of IL-2, IL-4, IL-15, IL17, and IP-10, which likely activate both T-helper-1 (Th1) and
T-helper-2 (Th2) cells and lead to lung inflammation and damage, similar to what has been
reported in SARS-CoV and MERS-CoV infections. In addition, we detected higher levels of
RANTES and lower levels of IL-2, IL17, and basic FGF in CC carriers, which suggests that
Th2 and T-helper-17 (Th17) cell functions might have been compromised in the CC patients.
A detailed follow up of cytokine levels in COVID-19 patients at all stages of the disease
will help to illustrate a more accurate map of host inflammatory responses to SARS-CoV-2
infection. Only 21 patients had sequential samples, and we therefore chose to evaluate the
levels of cytokines and chemokines in these patients. Moreover, for the reason of strict blood
sample control, we did not obtain sufficient samples to measure the levels of cytokines and
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chemokines in some patients. Due to the enormous pressures doctors and nurses faced in the
early phase of the COVID-19 pandemic, we were unable to have regular periods of sample
collection nor detailed clinical information, which limits the further interpretation of our data
on cytokine and chemokine levels and association with IFITM3 polymorphisms in the context
of clinical characteristics other than disease severity.

Polymorphisms in IFITM3 have been reported to modulate antibody responses to
virus infection. Individuals with the rs12252 CC genotype have been shown to have higher
pre-existing immunity to pdm09HINT1 than those with the TT genotype in a young people
cohort [55]. Another study reported that the CC carriers presented lower seroconversion
(SCR) and HI antibody titer 28 days after inoculation of the trivalent inactivated vaccine
(TIV) [56]. In our study, we found that patients with the CC genotype had a lower positivity
frequency of neutralizing antibody and lower levels of RBD antibody IgG than that in
patients with CT/TT genotypes (Figure S4). These findings indicate that the rs12252 SNP
in IFITM3 may modulate antibody responses, especially IgG production. A previous
study showed that IFITM3 deficient mice had reduced the number of activated B cells and
dysfunction of the germinal center to plasma/memory transition [56], which may in part
explain the association of deficient antibody response with the rs12252 SNP in IFITM3.

In summary, our data demonstrate that IFITM3 is able to inhibit SARS-CoV-2 by im-
peding virus entry. We further observed the association of the rs12252 SNP in IFITM3 with
a higher risk of SARS-CoV-2 acquisition, thus revealing one genetic factor underpinning
the susceptibility to COVID-19.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
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of cytokines and chemokines in COVID-19 patients; Figure S4: Levels of anti-N, anti-S and anti-RBD
antibodies in COVID-19 patients with the CC and CT/TT genotypes; Table S1: Genotype frequencies of
IFITM3 rs34481144.
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