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The pandemic of the novel severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has been posing great threats to the world in many aspects. Effective therapeutic and preventive approaches including drugs and vaccines are still unavailable although they are in development. Comprehensive understandings on the life logic of SARS-CoV-2 and the interaction of the virus with hosts are fundamentally important in the fight against SARS-CoV-2. In this review, we briefly summarized the current advances in SARS-CoV-2 research, including the epidemic situation and epidemiological characteristics of the caused disease COVID-19. We further discussed the biology of SARS-CoV-2, including the origin, evolution, and receptor recognition mechanism of SARS-CoV-2. And particularly, we introduced the protein structures of SARS-CoV-2 and structure-based therapeutics development including antibodies, antiviral compounds, and vaccines, and indicated the limitations and perspectives of SARS-CoV-2 research. We wish the information provided by this review may be helpful to the global battle against SARS-CoV-2 infection.




Keywords: severe acute respiratory syndrome coronavirus 2, protein structure, antibodies, antiviral compounds, vaccines



General Information of SARS-CoV-2


Current Situation of SARS-CoV-2 Epidemic

In December 2019, the World Health Organization (WHO) was informed about an outbreak of pneumonia in Wuhan, Hubei Province, China, and the etiology was not identified. On January 30, 2020, WHO declared that the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) epidemic is a public health emergency of international concern (PHEIC). On February 11, 2020, the WHO officially named the current outbreak of coronavirus disease as Coronavirus Disease-2019 (COVID-19) (Sun P. et al., 2020) and the International Committee on Taxonomy of Viruses (ICTV) named the virus as SARS-CoV-2 (Hu B. et al., 2020). Data as received by WHO from national authorities by October 11, 2020, there were more than 37 million confirmed cases with COVID-19 and 1 million deaths. Globally, the United States, India, and Brazil are the three countries with the largest cumulative number of confirmed cases in the world (https://www.who.int/docs/default-source/coronaviruse/situation-reports/20201012-weekly-epi-update-9.pdf). The total cumulative number of confirmed cases have far exceeded the number during SARS period (Wang and Jin, 2020). After the emergence of SARS-CoV and MERS-CoV, SARS-CoV-2 is the third zoonotic human coronavirus of the century (Gralinski and Menachery, 2020).



The Origin and Evolution of SARS-CoV-2

Bioinformatic analyses showed that SARS-CoV-2 had characteristics typical of coronavirus family. It belongs to the betacoronavirus 2B lineage (Lai et al., 2020). Early in the pneumonia epidemic in Wuhan, scientists obtained the complete genome sequences from five patients infected with SARS-CoV-2. These genome sequences share 79.5% sequence identity to SARS-CoV. Obviously, SARS-CoV-2 is divergent from SARS-CoV. It is considered to be a new betacoronavirus that infects human (Zhou P. et al., 2020). Scientists aligned the full-length genome sequence of SARS-CoV-2 and other available genomes of betacoronaviruses. Results indicate the closest relationship of SARS-CoV-2 with the bat SARS-like coronavirus strain BatCov RaTG13, with an identity of 96%. These studies suggest that SARS-CoV-2 could be of bat origin, and SARS-CoV-2 might be naturally evolved from bat coronavirus RaTG13 (Zhang C. et al., 2020; Zhou P. et al., 2020).

One study analyzed the genomes of SARS-CoV-2 and similar isolates from the GISATD and NCBI (Xiong C. et al., 2020). Results indicate that an isolate numbered EPI_ISL_403928 shows different genetic distances of the whole length genome and different phylogenetic trees, the coding sequences of spike protein (S), nucleoprotein (N), and polyprotein (P) from other SARS-CoV-2, with 4, 2, and 22 variations in S, N, and P at the level of amino acid residues respectively. The results show that at least two SARS-CoV-2 strains are involved in the outbreak (Xiong C. et al., 2020).

After aligning the coding sequences (CDSs) based on the protein alignments, open reading frame 8 (ORF8) and open reading frame 10 (ORF10) of SARS-CoV-2 are different from other viruses. However, most ORFs annotated from SARS-CoV-2 are conserved. The overall genomic nucleotides identity between SARS-CoV-2 and SARS-like coronavirus strain BatCov RaTG13 is 96%. Compared with other viruses, the divergence of SARS-CoV-2 at neutral site is 17%, much larger than previously assessed. The spike gene exhibits larger dS (synonymous substitutions per synonymous site) values than other genes, which could be caused either by natural selection that accelerates synonymous substitutions or by a high mutation rate. Researchers obtained 103 SARS-CoV-2 genomes to recognize the genetic variants (Tang X. et al., 2020). Among the 103 strains, a total of 149 mutations are identified and population genetic analyses indicate that these strains are mainly divided into two types. Results suggest that 101 of the 103 SARS-CoV-2 strains show significant linkage between the two single nucleotide polypeptides (SNPs). The major types of SARS-CoV-2 (L type and S type) are distinguished by two SNPs which locate at the sites of 8,782 and 28,144. L type accounts for 70% of the 103 strains and S type accounts for 30%, suggesting L type is more prevalent than the S type. However, S type is the ancestral version of SARS-CoV-2 (Tang X. et al., 2020).

To date, 13 mutations in the spike protein have been identified. The mutation D614G should be paid special attention. In early February, the mutation Spike D614G began spreading in Europe. When introduced to new regions, it rapidly replaced the original strain to become the dominant strain (Korber B. et al., 2020). The D614G mutation in the spike protein would increase infectivity. SG614 is more stable than SD641 and less S1 shedding are observed, so the SARS-CoV-2 with SG614 could transmit more efficiently (Zhang et al., 2020b). One study shows that in multiple cell lines, the SARS-CoV-2 carrying the D614G mutation is eight times more effective at transducing cells than wild-type spike protein, providing evidence that the D614G mutation in SARS-CoV-2 spike protein could increase the transduction of multiple human cell types (Daniloski Z. et al., 2020). The D614G mutation could also decrease neutralization sensitivity to the sera of convalescent COVID-19 patients (Hu J. et al., 2020).



The Epidemiological Characteristics of COVID-19

Bats appear to be the natural reservoir of SARS-CoV-2 (Zhang C. et al., 2020; Zhou P. et al., 2020). In one study, betacoronavirus isolated from pangolins has a sequence similarity of up to 99% with the currently infected human strain (Liu et al., 2020). Another study indicates that SARS-CoV-2 and the coronavirus from a pangolin in Malaysia has high genetic similarity. The gene similarity between these two viruses in terms of E, M, N, and S genes is 100, 98.6, 97.8, and 90.7%, respectively, suggesting the potential for pangolins to be the intermediate host (Xiao et al., 2020). Among the animals in close contact with humans, dogs, chickens, ducks, and pigs are not permissive to infection. SARS-CoV-2 replicates efficiently in cats and ferrets (Shi J. et al., 2020). SARS-CoV-2 can also transmit in golden hamster (Sia et al., 2020).

SARS-CoV-2 is transmitted via fomites and droplets during close unprotected contact between the infected and uninfected. Symptomatic and asymptomatic patients are the main source of infection. The virus can also spread through indirect contact transmission. Virus-containing droplets contaminate hands, people then contact the mucous membranes of the mouth, nose, and eyes, causing infection. The transmission of SARS-CoV-2 is not limited to the respiratory tract (Du et al., 2020). Some studies have demonstrated the aerosol transmission of SARS-CoV-2. During the COVID-19 outbreak, one study investigated the aerodynamic nature of SARS-CoV-2 by measuring viral RNA in aerosols in two Wuhan hospitals, indicating that SARS-CoV-2 has the potential to spread through aerosols. There may be a possibility of airborne transmission in health care facilities due to aerosols generated by medical procedures. Of note, in the spread of COVID-19, airborne transmission is the dominant route. (Chan et al., 2020; Meselson, 2020; Morawska and Cao, 2020; Sommerstein et al., 2020; Tang S. et al., 2020; van Doremalen et al., 2020; Zhang R. et al., 2020). In some pediatric SARS-CoV-2 infection cases, although children’s nasopharyngeal swabs are negative, rectal swabs are consistently positive, indicating the possibility of fecal-oral transmission (Xu et al., 2020). Recent studies demonstrate that SARS-CoV-2 could replicate effectively in human intestinal organoids and intestinal epithelium. As a result, SARS-CoV-2 has the potential to spread through intestinal tract. SARS-CoV-2 can also infect the intestinal cells of bats (Lamers et al., 2020; Zhou J. et al., 2020). A COVID-19 patient’s urine also contains infectious SARS-CoV-2 (Sun J. et al., 2020). After studying COVID-19 infection in nine pregnant women, the result suggests that there is no evidence that pregnant women who were infected SARS-CoV-2 in late pregnancy can transmit the virus to infant through intrauterine vertical transmission (Chen N. et al., 2020). However, recently, some studies demonstrated the possibility of vertical transmission of SARS-CoV-2 (Chen H. et al., 2020; Deniz and Tezer, 2020; Egloff et al., 2020; Hu X. et al., 2020; Mahyuddin et al., 2020; Oliveira et al., 2020; Parazzini et al., 2020; Peyronnet et al., 2020; Vivanti et al., 2020; Yang and Liu, 2020). In one case, the newborn whose mother was diagnosed with SARS-CoV-2 in the last trimester was infected with SARS-CoV-2, with neurological compromise. In another case, the cytokine levels and anti-SARS-CoV-2 IgM antibodies of the neonate is higher than normal, with no physical contact, suggesting the possibility of transplacental transmission (Dong et al., 2020). The risk of perinatal transmission of SARS-CoV-2 is relatively low. Compared with SARS-CoV-2, pregnant women infected with SARS and MERS showed more severe symptoms, such as miscarriage and abortion (Fan et al., 2020; Parazzini et al., 2020). According to current reports, the perinatal transmission can occur but the rate is low and the information about exposition during the first or second trimester of pregnancy remains unknown (Egloff et al., 2020; Parazzini et al., 2020). The major spread route of SARS-CoV-2 is person-to-person, it could happen in family, hospital, community, and other gathering of people. Most cases of the person-to-person transmission of the early stage in China happened in family clusters (Chan et al., 2020; Ghinai et al., 2020a; Ghinai et al., 2020b). This kind of spreading has the possibility to occur during the incubation period (Yu P. et al., 2020). It is worth noting that SARS-CoV-2 has high transmissibility during asymptomatic period or mild disease (Hu B. et al., 2020; Li et al., 2020). SARS-CoV-2 can also transmit from human to animal. Some animals, such as tiger, dog, and cat, are found to be infected with the virus through close contact with the infected people (Singla et al., 2020). A 17-years-old dog in Hong Kong was affected and it was the first case of human-to-animal transmission (https://www.afcd.gov.hk/english/publications/publicationspress/pr2342.html). One study shows that the viral genetic sequences of SARS-CoV-2 detected in two dogs are the same with the SARS-CoV-2 in the corresponding human cases, suggesting the human-to-animal transmission. However, it remains unknown whether infected dogs can transmit the virus back to humans (Sit et al., 2020). SARS-CoV-2 is believed to transmit from the animal kingdom to human. According to the sequence analysis, bats are natural hosts for SARS-CoV-2 (Cui et al., 2019; Salata et al., 2019). SARS-CoV-2 and the coronavirus from a pangolin in Malaysia have high genetic similarity (Xiao et al., 2020), and the CoVs isolated from pangolins have the highest closeness to SARS-CoV-2 (Zhang T. et al., 2020), suggesting the potential for pangolins to be the intermediate host. The intermediate hosts could transmit the virus to susceptible people, leading to the newly appear diseases in humans (Ye et al., 2020; Zhang T. et al., 2020). SARS-CoV-2 can also transmit between animals. SARS-CoV-2 infected cats could transmit the virus to naïve cats with close contact (Halfmann et al., 2020). SARS-CoV-2 could also transmit in naïve ferrets, through direct or indirect contact (Kim et al., 2020).

According to current observed epidemiologic characteristics, everyone is considered susceptible and the median age is about 50 years (Chen N. et al., 2020; Guan et al., 2020; Huang et al., 2020; Wang D. et al., 2020; Wu and McGoogan, 2020).

The clinical manifestations differ with age. One study indicates that the cases over 60 years old have higher levels of blood urea nitrogen, inflammatory indicators, and more lobes bilateral lesions. The patients older than 60 years old have a greater chance of respiratory failure and longer disease courses. However, in those under 60, the severity is milder (Liu et al., 2020). One study reports a total of 72,314 confirmed cases in China, the majority of the patients (87%) are between the ages of 30 and 79. In the group no older than nine, no deaths occurred. However, in the group aged 70−79 years, the case-fatality rate (CFR) is 8.0%, in the group aged 80 years and older, the CFR is 14.8%. As to the patients with different comorbid conditions, such as cardiovascular disease, diabetes, chronic respiratory disease, hypertension, and cancer, the CFR is 10.5, 7.3, 6.3, 6.0, and 5.6%, respectively. These results suggest that comorbid conditions are high risk factors for COVID-19 patients and higher fatality rates are observed than those without underlying diseases (Wu and McGoogan, 2020). Among the 1,099 cases confirmed with COVID-19, patients with severe disease were 7 years older than those with non-severe disease (Guan et al., 2020). Of the 1,391 infected children, the median age is 6.7 years and most children show milder symptoms (non-pneumonia or mild pneumonia) than adults (Lu X. et al., 2020). The patients who aged ≥65 years old have a higher risk of mortality from COVID-19, especially the patients with acute respiratory distress syndrome (ARDS) and comorbidities (Du et al., 2020; Wu C. et al., 2020; Yang X. et al., 2020; Zhou F. et al., 2020).



Clinical Characteristics of COVID-19

The most common manifestations of COVID-19 are fever and dry cough. The majority of the patients showed bilateral pneumonia. Old males with comorbidities are more likely to be affected by SARS-CoV-2 (Chen N. et al., 2020). The blood counts of patients showed leucopenia and lymphopenia. The content of IL2, IL7, IL10, GSCF, IP10, MCP1, MIP1A, and TNFα in the plasma of ICU patients is higher than non-ICU patients (Huang et al., 2020).

COVID-19 is divided into three levels according to the severity of the disease: mild, severe, and critical. The majority of patients only have mild symptoms and recover (Hu B. et al., 2020). Asymptomatic infection cases were also reported, but most of the asymptomatic patients went on to develop disease since the data of identification (Huang et al., 2020). Table 1 shows the clinical manifestations of COVID-19 (Chen T. et al., 2020; Hu B. et al., 2020; Huang et al., 2020; Wang Y. et al., 2020; Wu and McGoogan, 2020) and three different levels of COVID-19 divided according to the severity (Chen T. et al., 2020; Hu B. et al., 2020; Huang et al., 2020; Wang Y. et al., 2020; Wu and McGoogan, 2020). Besides respiratory illness, COVID-19 disease could lead to myocardial injury and arrhythmic complications (Bansal, 2020; Kochi et al., 2020), neurological complications, such as myalgia, headache, dizziness, impaired consciousness, intracranial hemorrhage, hypogeusia, and hyposmia (Berger, 2020; Paybast et al., 2020), and even stroke (Hess et al., 2020; Trejo-Gabriel-Galán, 2020). Digestive symptoms and liver injury (Lee et al., 2020), hypercoagulability and thrombotic complications (Haimei, 2020) have also been reported. Critical patients could quickly progress to ARDS, hard-to-correct metabolic acidosis, septic shock, coagulation dysfunction, and multiple organ functional failure. Severe complications included ARDS, RNAaemia (detectable serum SARS-CoV-2 viral load), multiple organ failure, and acute cardiac injury. About 26.1% patients were admitted to the ICU because of complications caused by COVID-19 (Huang et al., 2020). With proper diagnosis and treatments for COVID-19, most patients had a good prognosis (Wang Y. et al., 2020). The elderly and the patients with underlying diseases have worse prognosis (Deng and Peng, 2020).


Table 1 | Clinical manifestations and three different levels of COVID-19.






The Structure of SARS-CoV-2

Coronaviruses belongs to the subfamily Coronavirinae in the family of Coronaviridae and the subfamily contains four genera: Alphacoronavirus, Betacoronavirus, Gammacoronavirus, and Deltacoronavirus. The genome of CoVs (27–32 kb) is a single-stranded positive-sense RNA (+ssRNA) which is larger than any other RNA viruses. The nucleocapsid protein (N) formed the capsid outside the genome and the genome is further packed by an envelope which is associated with three structural proteins: membrane protein (M), spike protein (S), and envelope protein (E) (Brian and Baric, 2005). As a member of coronavirus family, the genome size of SARS-CoV-2 which was sequenced recently is approximately 29.9 kb (Lu R. et al., 2020). SARS-CoV-2 contains four structural proteins (S, E, M, and N) and sixteen non-structural proteins (nsp1−16). Nsp1 mediates RNA processing and replication. Nsp2 modulates the survival signaling pathway of host cell. Nsp3 is believed to separate the translated protein. Nsp4 contains transmembrane domain 2 (TM2) and modifies ER membranes. Nsp5 participates in the process of polyprotein during replication. Nsp6 is a presumptive transmembrane domain. The presence of nsp7 and nsp8 significantly increased the combination of nsp12 and template-primer RNA. Nsp9 functions as an ssRNA-binding protein. Nsp10 is critical for the cap methylation of viral mRNAs. Nsp12 contains the RNA-dependent RNA polymerase (RdRp), which is a critical composition of coronavirus replication/transcription. Nsp13 binds with ATP and the zinc-binding domain in nsp13 participates in the process of replication and transcription. Nsp14 is a proofreading exoribonuclease domain. Nsp15 has Mn(2+)-dependent endoribonuclease activity. Nsp16 is a 2’-O-ribose methyltransferase (Naqvi et al., 2020). One study shows that there are some NSP-mediated effects on splicing, translation, and protein trafficking to inhibit host defenses. Upon SARS-CoV-2 infection, NSP16 binds mRNA recognition domains of the U1 and U2 snRNAs to suppress mRNA splicing. NSP1 binds to 18S ribosomal RNA in the mRNA entry channel of the ribosome to interfere with the translation of mRNA. NSP8 and NSP9 binds to the 7SL RNA which locates at the Signal Recognition Particle to disrupt protein trafficking to the cell membrane (Banerjee et al., 2020). Followings are some SARS-CoV-2 proteins which may potentially serve as antiviral drug targets based on their structures.


Spike Glycoprotein

The coronaviruses entry into host cells is mediated by spike glycoprotein (S protein) (Li et al., 2003; Li et al., 2005; Li, 2016). The transmembrane spike glycoproteins form homotrimers that protrude from the viral surface. The spike glycoprotein is critical for the entry of the coronaviruses so it is an attractive antiviral target. S protein is composed of two functional subunits, including the S1 and S2 subunits. The S1 subunit consists of N-terminal domain (NTD) and receptor binding domain (RBD). The function of S1 subunit is bind to the receptor on host cell. S2 subunit contains fusion peptide (FP), heptad repeat 1 (HR1), central helix (CH), connector domain (CD), heptad repeat 2 (HR2), transmembrane domain (TM), and cytoplasmic tail (CT) (Figure 1A). The function of S2 subunit is to fuse the membranes of viruses and host cells. The cleavage site at the border between the S1 and S2 subunits is called S1/S2 protease cleavage site. For all the coronaviruses, host proteases cleave the spike glycoprotein at the S2’ cleavage site to activate the proteins which is critical to fuse the membranes of viruses and host cells through irreversible conformational changes. N-linked glycans are critical for proper folding, neutralizing antibodies, and decorating the spike protein trimers extensively (Walls et al., 2020; Wrapp et al., 2020).




Figure 1 | (A) Schematic of SARS-CoV-2 spike protein primary structure. Different domains are shown by different colors. SS, single sequence; NTD, N-terminal domain; RBD, receptor-binding domain; SD1, subdomain 1; SD2, subdomain 2; S1/S2, S1/S2 protease cleavage site; S2’, S2’ protease cleavage site; FP, fusion peptide; HR1, heptad repeat 1; CH, central helix; CD, connector domain; HR2, heptad repeat 2; TM, transmembrane domain; CT, cytoplasmic tail. The protease cleavage site is indicated by arrows. (B) Cryo-EM structure of the SARS-CoV-2 spike protein. The closed state (PDB: 6VXX) of the SARS-CoV-2 S glycoprotein (left) the open state (PDB: 6VYB) of the SARS-CoV-2 S glycoprotein (right).



Overall, the structure of SARS-CoV-2 S protein resembles the closely related SARS-CoV S protein. In the prefusion conformation, S1 and S2 subunits remain non-covalently bound. Different kinds of coronaviruses utilize special domains in the S1 subunit to recognize different entry receptors. In the case of SARS-CoV and SARS-CoV-2, to enter host cells, they recognize the receptor angiotensin-converting enzyme 2 (ACE2) on host cells via the receptor binding domain (RBD). The S protein has two forms of structure, including the closed state and the open state (Figure 1B). In the closed state, the three recognition motifs do not protrude from the interface formed by three spike protein protomers. In the open state, the RBD is in the “up” conformation. The open state is necessary for the fusion of the SARS-CoV-2 and the host cell membranes, thereby facilitating SARS-CoV-2 to enter the host cells (Walls et al., 2020).


HR1 and HR2

The six-helical bundle (6-HB) is formed by HR1 and HR2 and is critical for membrane fusion which is dominated by the spike protein of SARS-CoV or SARS-CoV-2, making HR1 and HR2 an attractive drug target (Liu et al., 2004; Xia et al., 2020b). The difference between the 6-HB of SARS-CoV-2 and SARS-CoV may stabilize 6-HB conformation of SARS-CoV-2 and enhance the interactions between HR1 and HR2, resulting in the increased infectivity of SARS-CoV-2. The HR1-L6-HR2 complex contains most parts of HR1 and HR2 domain and a linker (Xia et al., 2020a). This fusion protein exhibits a rod-like shape and it is the standard structure of 6-HB. Three HR1 domains come together to form a spiral coil trimer in a parallel manner. Three HR2 domains are entwined around the coiled-coil center in an antiparallel manner which is mainly mediated by hydrophobic force. Hydrophobic residues on theHR2 domian binds with the hydrophobic groove formed by every two two neighboring HR1 helices. The overall 6-HB structure of SARS-CoV and SARS-CoV-2 is very similar, especially the S2 subunit (Xia et al., 2020a). The identity of the HR1 of SARS-CoV and SARS-CoV-2 is 96% and HR2 is 100%. There are eight distinct residues in the fusion core region of HR1 domain. In the HR1 domain of SARS-CoV, lysine 911 binds to the glutamic acid 1176 in HR2 domain through a salt bridge. As to SARS-CoV-2, the salt bridge is replaced by a strong hydrogen bond between serine 929 in HR1 and serine 1,196 in HR2. In SARS-CoV HR1, glutamine 915 has no interaction with HR2. However, as to SARS-CoV-2, there is a salt bridge between lysine 933 in HR1 and asparagine 1,192 in HR2 (Xia et al., 2020a). In SARS-CoV, there is a weak salt bridge between glutamic acid 918 in HR1 and arginine 1,166. However, aspartic acid 936 in the HR1 of SARS-CoV-2 binds to the arginine 1,158 through a salt bridge. In the SARS-CoV, lysine 929 binds to the glutamic acid 1,163 in the HR2 domain through a salt bridge and threonine 925 does not bind to the glutamic acid 1,163. However, serine 943 and lysine 947 in the SARS-CoV-2 bind to the glutamic acid 1,182 in HR2 through a hydrogen bond and a salt bridge. These differences may result in increased infectivity of SARS-CoV-2 (Xia et al., 2020a).



The Receptor Binding Domain (RBD)

The spike protein of SARS-CoV-2 contains an RBD that recognizes the receptor ACE2 specifically. RBD is a critical target for antiviral compounds and antibodies (Letko et al., 2020). SARS-CoV-2 RBD includes two structural domains: the core and the external subdomains. The core subdomain is highly conserved. It is composed of five β strands arranged in antiparallel manner and a disulfide bond between two β strands. The external subdomain is mainly dominated by the loop which is stabilized by the disulfide bond (Wang Q. et al., 2020). The SARS-CoV-2 RBD core consists of five β sheets arranged in antiparallel manner and connected by loops and short helices. Between the antiparallel β4 and β7 strands is the receptor-binding motif (RBM) which consists of loops and α helices, as well as short β5 and β6 strands. RBM contains most binding sites for SARS-CoV-2 and ACE2. Eight of the nine Cys residues in the RBD form four pairs of disulfide bonds. Three disulfide bonds are in the core of RBD, enhancing the stabilization of the β sheet (C336-C361, C379-C432, and C391-C525). With respect to the remaining disulfide bond (C480-C488), it promotes the connections between the loops in RBM. The peptidase domain in the N-terminal of ACE2 contains the binding site, which is formed by two lobes of RBM and ACE2. RBM binds to the small lobe of the ACE2 on the bottom side. The surface of RBM is slightly concave inward to make room for ACE2 (Lan et al., 2020).

One study obtained a 3.5 Å-resolution structure of spike protein trimer with one RBD in the in the “up” conformation (receptor-accessible state). Receptor binding destabilizes the prefusion structure, triggered by this process, the S1 subunit dissociates and the S2 subunit refolds into a stable postfusion conformation, which has been captured in SARS-CoV. RBD goes through conformational transitions like a hinge, leading to the hide or exposure of the determinants of the spike protein to engage a host cell receptor. This process will form the following two states: “down” conformation and “up” conformation. In the “down” conformation, SARS-CoV-2 could not recognize the ACE2 on the host cells. The structure of SARS-CoV-2 is highly similar with SARS-CoV. One of the larger differences is in the down conformation, SARS-CoV RBD packs tightly against the NTD of the neighboring protomer, while the angle of SARS-CoV-2 RBD is near to the central cavity of the spike protein trimer. When aligned the individual structural domains corresponding to SARS-CoV-2 and SARS-CoV, highly similar structures were observed (Wrapp et al., 2020). The overall structure of SARS-CoV-2 RBM is also nearly identical to that identified in previous studies, with only one observed difference on the distal end (Lan et al., 2020).



RBD-ACE2 Complex

It is important to understand the receptor recognition mechanism of the SARS-CoV-2, which determines the infectivity, host range, and pathogenesis of the virus. Both SARS-CoV-2 and SARS-CoV recognize the ACE2 in humans (Li et al., 2003; Li et al., 2005; Sia et al., 2020). The crystal structure of SARS-CoV-2 RBD bound with ACE2 has been determined (Figure 2A). The overall combination mode of SARS-CoV-2 RBD-ACE2 complex is highly similar with that of the identified SARS-CoV RBD-ACE2 complex in previous study. Seventeen of the 20 residues of the ACE2 interacting with the RBD of SARS-CoV and SARS-CoV-2 are the same.




Figure 2 | (A) The overall structure of SARS-CoV-2 RBD bound with ACE2. ACE2 is colored cyan, SARS-CoV-2 RBD core is colored green (PDB: 6M0J). (B) Different interactions between SARS-CoV-2 RBD/ACE2 (PDB: 6M0J) and SARS-CoV RBD/ACE2 (PDB: 2AJF) that contribute to binding affinity difference. ACE2 is colored cyan. The RBD of SARS-CoV-2 is green, and the RBD of SARS-CoV is orange. Hydrogen bond between Q493 and E35 is represented by dash lines. Salt-bridge between ACE2 D30 and SARS-CoV-2 K417 is represented by dash lines.



However, there are subtle distinct ACE2 interactions which lead to the variation in binding affinity between SARS-CoV-2 and SARS-CoV RBD to ACE2. The affinity between ACE2 and SARS-CoV-2 is higher than the affinity between ACE2 and SARS-CoV. At the F486/L472 position, SARS-CoV-2 F486 interacts with ACE2 Q24, L79, M82, and Y83, and SARS-CoV L472 only interacts with ACE2 L79 and M82. At the Q493/N479 position, SARS-CoV-2 Q493 interacts with ACE2 K31, E35, and H34. There is a hydrogen bond between Q493 and E35. SARS-CoV N479 only interacts with ACE2 H34. Outside SARS-CoV-2 RBM, there is a salt bridge between ACE2 D30 and SARS-CoV-2 K417. However, the SARS-CoV V404 failed to participate in ACE2 binding (Lan et al., 2020) (Figure 2B).

Another study shows the crystal structure of chimeric SARS-CoV-2 RBD-ACE2 complex. The constructed chimeric RBD which contains the RBM of SARS-CoV-2 as the function-related unit and the SARS-CoV RBD core as the crystallization scaffold could facilitate crystallization. The side loop from SARS-CoV-2 (away from the main binding interface) maintains a salt bridge between RBD R426 and ACE2 E329. This side loop could further facilitate crystallization. The structure of chimeric RBD-ACE2 complex is highly similar with the wild-type RBD-ACE2 complex as introduced above, especially in the RBM region. SARS-CoV-2 RBM forms a surface which is gently concave, binding to the claw-like structure on the exposed outer surface of ACE2. There is a N-O bridge between R439 of the chimeric RBD and E329 of ACE2. The N-O bridge is non-natural, resulting from the SARS-CoV-based chimaera. The binding affinity between chimeric RBD and ACE2 is higher than the binding affinity between wild-type SARS-CoV-2 RBD and ACE2. It is obvious that the ACE2-binding affinity of SARS-CoV RBD is lower than SARS-CoV-2 and chimeric RBDs (Shang et al., 2020).



Furin Cleavage Site of the Spike Protein

The S1/S2 boundary of SARS-CoV-2 spike protein constitutes the cleavage site for the subtilisin-like host cell protease furin, which sets SARS-CoV-2 S apart from SARS-CoV S. The furin cleavage site includes four residues (P681, R682, R683, and A684) and is located at the boundary between the S1 and S2 subunit. Functionally, R682, R683, A684, and R685 constitute the minimal polybasic furin cleavage site, RXYR, where X or Y is a positively charged arginine or lysine (Li, 2020). Such polybasic cleavage sites are not present in SARS-CoV and SARS-CoV-related group 2b betacoronaviruses found in humans, which may contribute to the high virulence of SARS-CoV-2 as a result of furin proteases required for proteolytic activation of S are ubiquitously expressed in humans, providing expanded tissue tropism and pathogenesis (Sternberg and Naujokat, 2020).

Additionally, a study has generated a SARS-CoV-2 mutant virus lacking the furin cleavage site (δPRRA) in the spike protein. The mutant virus had reduced spike protein processing in Vero E6 cells as compared to wild type SARS-CoV-2 virus. The mutant virus also had reduced replication in Calu3 human respiratory cells and had attenuated disease in a hamster pathogenesis model. These results showed an important role of the furin cleavage site in SARS-CoV-2 replication and pathogenesis (Johnson et al., 2020).




The RNA-Dependent RNA Polymerase (RdRp)

The replication of SARS-CoV-2 is dominated by a replication/transcription complex which contains several subunits. The complex is composed of viral non-structural proteins (nsp) and the core of the complex is the RdRp in nsp12. The functions of the nsp12 require accessory factors, including nsp7 and nsp8. Nsp12 alone has little activity. The presence of nsp7 and nsp8 significantly increased the combination of nsp12 and template-primer RNA. The crystal structure of nsp12-nsp7-nsp8 complex has been identified (Figure 3A). RNA-dependent RNA polymerase, which catalyzes the synthesis of viral RNA, is a critical composition of coronavirus replication/transcription. RdRp is an important antiviral drug target. The structures on the SARS-CoV-2 nsp12 contain a nidovirus-unique N-terminal extension domain which adopts a nidovirus RdRp-associated nucleotidyltransferase (NiRAN) structure and a “right hand” RNA-dependent RNA polymerase domain in the C-terminal. These two domains are connected by an interface domain. A unique β-hairpin is observed in the N-terminal extension domain. The β-hairpin forms close contacts to stabilize the overall structure. The RNA-dependent RNA polymerase domain contains three subdomains: a fingers subdomain, a palm subdomain, and a thumb subdomain. The β-hairpin structure inserts into the clamping groove formed by the palm subdomain and the NiRAN domain. In the plam domain, polymerase motifs A−G which is highly conserved form the active site chamber of SARS-CoV-2 RdRp domain. The RdRp motifs mediate template-directed RNA synthesis in a central cavity through four positively charged solvent-accessible paths, including template entry path, primer entry path, the NTP entry channel, and the nascent strand exit path (Gao Y. et al., 2020). A recent study shows the cryo-electron microscopic structure of the nsp12-nsp7-nsp8 complex in active form (Yin et al., 2020) (Figure 3B).




Figure 3 | (A) The structure of nsp12-nsp7-nsp8 complex. Color marks: nsp7, magenta; nsp8-1 and nsp8-2, grey; β-hairpin, cyan; NiRAN, yellow; the interface, orange; the fingers domain, blue; the palm domain, red; the thumb domain, green. (PDB: 6M71) (B) The structure of the SARS-CoV-2 RNA-dependent RNA polymerase (RdRp) in active form. The nsp12-nsp7-nsp8 complex bound to the template-primer RNA. (PDB: 7BV2).



When added a minimal RNA hairpin substrate, the complex nsp12-nsp7-nsp8 exhibited RNA-dependent RNA extension activity. The structure of RdRp-RNA complex shows nsp12-nsp7-nsp8 complex engaged with more than two turns of duplex RNA. The RdRp-RNA structure is similar to that of the free enzyme with some unique characteristics. Compared with free enzyme, the RdRp-RNA complex contains an extended protein region in nsp8 and a protruding RNA. The subunit nsp12 binds with the first turn of RNA between its thumb subdomains and fingers subdomains. The palm subdomain contains the active site which is formed by five nsp12 motifs A−E. Motif C interacts with the 3’ end of RNA and includes the aspartic acid 760 and 761. The nsp12 motifs F and G lies in the fingers subdomain and have the function of positioning the RNA template. As the RNA duplex leaves the cleft of the RdRp, it forms a second helical turn, protruding from the surface of nsp12. No structural factors in the RdRp will limit RNA duplex extension. Between the α-helical extensions is the RNA duplex. The N-terminal regions, which are located in the two nsp8 subunits and are highly conserved, form the α-helical extensions. These nsp8 extensions use the positively charged residues to interact with the RNA backbones. The nsp8 could function as the “sliding poles”, sliding along the protruding RNA to prevent RdRp from dissociating prematurely during replication. The triphosphate-binding site is conserved. Residues D623, S682, and N691 are likely to interacts with the 2’-OH group of the triphosphate (NTP), making the RdRp special for the synthesis of RNA instead of DNA (Hillen et al., 2020).



The Main Protease

The main protease (Mpro) of SARS-CoV-2 plays a pivotal role in mediating the replication and transcription of viral gene. Mpro hydrolyzes the polyprotein at least eleven conserved sites and begins with cleaving the pp1a and pp1b of Mpro. Considering the absence of closely related homologues in humans, together with the functional importance of the main protease in the life cycle of the virus, the main protease is an attractive antiviral target. The crystallographic symmetry shows that Mpro forms a homodimer (protomer A and protomer B). Each protomer contains three subdomains, namely domain I, domain II, and domain III. A long loop connects domain II and domain III. The cleft between domain I and domain II lies the substrate-binding pocket, which features the catalytic dyad residues His41 and Cys145 (Jin et al., 2020a). As to all the coronaviruses, the active sites of Mpro are highly conserved and consists of four sites: S1’, S1, S2, and S4. In the S1’ site, the thiol of a cysteine anchors inhibitors by a covalent linkage. For inhibitors, the covalent linkage is critical to maintain its antiviral activity (Yang et al., 2005).

The spike protein is critical in the process of SARS-CoV-2 invading host cells. The main protease and RdRp have important functions in the replication of SARS-CoV-2. As a result, the spike protein, main protease, and RdRp are important anti-SARS-CoV-2 drug targets, providing ideas for the development of antibodies, drugs, and vaccines.




Structure-Based Antibodies Against SARS-CoV-2


Meplazumab

Recently, the study indicates that SARS-CoV-2 invades host cells through a new route: CD147-spike protein, through which spike protein bound to CD147, a transmembrane glycoprotein belongs to the immunoglobulin superfamily, thereby mediating the invasion of SARS-CoV-2. Meplazumab is an anti-CD147 humanized antibody. It could block CD147 and significantly prevent the SARS-CoV-2 from entering host cells. BIOcore experiment shows that the affinity constant between CD147 and RBD is 1.85×10-7 M. Unlike ACE2, CD147 is highly expressed in inflamed tissues, pathogen infected cells, and tumor tissues. It has low cross-reaction with normal cells. As a result, CD147 targeted drugs are safe and reliable (Wang K. et al., 2020).



Monoclonal Antibody 4A8

One study isolated monoclonal antibodies (MAbs) from ten SARS-CoV-2 infected patients in recovery period. Among these antibodies, MAb 4A8, exhibits high neutralization activities against SARS-CoV-2. The crystal structure of spike protein-4A8 complex at 3.1 Å resolution shows that three 4A8 monoclonal antibodies binds the N-terminal domain (NTD) of the spike protein trimer. Each of the 4A8 monoclonal antibody interacts with one N-terminal domain (NTD) of the spike protein.

The crystal structure of spike protein-4A8 complex at 3.1 Å resolution shows that each one of the three 4A8 monoclonal antibodies binds to one N-terminal domain (NTD) of the spike protein trimer. The asymmertric conformation of the trimeric spike protein exhibits one of three RBD in “up” conformation and two RBDs in “down” conformation. The interface between 4A8 and the corresponding NTD is identical. Among the five new constructed loops for NTD which are designed as N1 which are designated as N1−N5, N3 and N5 loops dominate the interactions with 4A8. Three complementarity-determining regions (CDRs) which are designated as CDR1, CDR2, and CDR3 on the heavy chain of 4A8 binds with NTD. R246 on the N5 loop interacts with the Y27 and E31 of 4A8 on the CDR1. K150 and K147 on the N3 loop form salt bridges with E54 and E72 of 4A8 respectively. There are hydrogen bonds between K150 and 4A8-Y111, H146 and 4A8-T30 (Chi et al., 2020).



Monoclonal Antibody 47D11

A human monoclonal antibody (mAb) 47D11 is found to potently block SARS-CoV-2 infection. The target of 47D11 is the RBD and spike ectodomain (Secto) of the SARS-CoV-2 spike protein. The 47D11 binds to the RBD of SARS-CoV and SARS-CoV-2 with similar affinity constant. However, the binding affinity between 47D11 and SARS-CoV-2 Secto was lower than that of SARS-CoV. The binding of 47D11 to SARS-CoV-RBD and SARS-CoV-2-RBD did not compete with the binding of 47D11 to the ACE2 receptor on the cell surface (Wang C. et al., 2020). Despite the relatively high degree of structural similarity between the SARS-CoV RBD and the SARS-CoV-2 RBD, when using the three reported SARS-CoV RBD-directed monoclonal antibodies which have a strong binding to the SARS-CoV RBD, there is no detectable binding for any of the three mABs (S230, m396, 80R) at the tested concentration. Because of the different antigenicity, SARS-directed mAbs have no absolute cross reactions with SARS-CoV-2-directed mAbs (Wrapp et al., 2020).



Monoclonal Antibody CR3022

The SARS-CoV-speciﬁc antibody, which was discovered in the plasma of a SARS-infected patient in recovery period, CR3022, could also bind with the RBD of SARS-CoV-2 potently. After saturating the streptavidin biosensors which labelled with biotinylated SARS-CoV-2 RBD, followed by the mixture of CR3022 and ACE2, the results indicated that the binding sites of CR3022 on RBD is different from ACE2. The mixture of CR3022 and CR3014 (a potent SARS-CoV-specific neutralizing antibody) neutralized SARS-CoV-2 in a collaborative way, with different epitopes on RBD. In conclusion, CR3022 has the potential to function as one kind of therapeutics, alone or with other neutralizing antibodies (Tian et al., 2020). The crystal structure of CR3022-RBD complex has been determined (Figure 4A). The light chain, heavy chain, and six CDR loops (H1, H2, H3, L1, L2, and L3) of CR3022 are used to interact with the RBD of SARS-CoV-2.




Figure 4 | The crystal structure of the antibody-RBD/spike protein complex. (A) Crystal structure of CR3022 in complex with SARS-CoV-2 RBD. CR3022 heavy chain is colored in cyan and light chain in yellow. The SARS-CoV-2 RBD in colored in magenta (PDB: 6W41). (B) The crystal structure of B38/SARS-CoV-2 RBD. The heavy chain of B38 is colored magenta and the light chain is colored green. The RBD is colored cyan (PDB: 7BZ5). (C) The crystal structure of CB6-Fab/SARS-CoV-2-RBD. The heavy chain of CB6 is colored magenta and the light chain of CB6 is colored cyan. The SARS-CoV-2-RBD is colored green (PDB: 7C01). (D) The crystal structure of P2B-2F6 Fab/SARS-CoV-2 RBD complex. The light chain of P2B-2F6 Fab is colored yellow and the heavy chain is colored cyan. The SARS-CoV-2 RBD is colored magenta (PDB: 7BWJ). (E) The crystal structure of the complex of SARS-CoV-2 spike RBD bound to Fab fragments of REGN10933 and REGN10987. REGN10933 heavy and light chains are cyan and green, and REGN10987 heavy and light chains are magenta and yellow, respectively (PDB: 6XDG). (F) The crystal structure of BD-23 Fab/spike protein trimer complex. The light chain of BD-23 Fab is colored blue and the heavy chain is colored magenta. The three protomers in the spike protein trimer are colored cyan (A), green (B), and yellow (C) (PDB: 7BYR).



CR3022’s recognition of SARS-CoV-2 is mainly mediated by hydrophobic interactions. As to SARS-CoV and SARS-CoV-2, 24 of 28 residues buried by antibody CR3022 are the same, which is the cause of the cross-reactivity of CR3022. Although the high similarities of sequence, the affinity between CR3022 and SARS-CoV RBD is much higher than the affinity between CR3022 and SARS-CoV-2 RBD, likely resulting from the non-conserved residues in the epitope. Only when the RBD is in the “up” conformation, the epitope of CR3022 is exposed. If only one RBD on the trimeric S protein is in the “up” conformation, there would exist some clashes between CR3022 and RBD to hinder the bind. First, the variable region of CR3022 collides with S2 subunit of RBD, as well as the adjacent RBD in “down” conformation. Second, the constant region of CR3022 collides with NTD. When the targeted-RBD are in the double-“up” conformation (at least two) with a slight rotation, the binding epitope of the RBD can be accessed by CR3022 and all the clashes can be resolved (Yuan et al., 2020).



Monoclonal Antibodies B38 and H4

The monoclonal antibodies B38 and H4 isolated from a convalescent patient display neutralization ability. The crystal structure of B38-RBD complex has been identified (Figure 4B). B38 and H4 are able to hinder the binding between SARS-CoV-2 RBD and cellular receptor ACE2. The epitopes of B38 and H4 on the RBD are different. As a result, B38 and H4 has the potential to function as the noncompeting monoclonal antibody pair to treat COVID-19. In infected lungs, B38 and H4 can reduce virus titers. The crystal structures of RBD-B38 indicates that two CDRs on the light chain and all the three CDRs on the heavy chain of CR3022 interacts with RBD. A total of 21 amino acids in the RBD binds with the heavy chain and 15 residues with the light chain. Among the 36 residues, only 15 residues are conserved between SARS-CoV and SARS-CoV-2. Hydrophilic interactions mediate most of the contacts between B38 and RBD. Water molecules play a significant role in the binding between SARS-CoV-2 RBD and B38. The comparison of RBD/B38-Fab complex and RBD/hACE2 complex shows no obvious conformational changes and 18 of 21 amino acids on the RBD are conserved between B38 and ACE2. This explains why antibody B38 blocks SARS-CoV-2 from binding to receptor ACE2 (Wu et al., 2020b).



Monoclonal Antibodies CA1 and CB6

Two human monoclonal antibodies CA1 and CB6 could potently neutralize the SARS-CoV-2 in vitro. Particularly, CB6 could reduce lung damage and inhibit the titer of SARS-CoV-2 in rhesus monkeys, thereby having the potential to treat and prevent SARS-CoV-2 infection. The crystal structure of CB6-Fab/SARS-CoV-2-RBD complex indicates that CB6 binds to the RBD of SARS-CoV-2 (Figure 4C). CDR1, CDR2, and CDR3 loops in the CB6 VH dominate the interaction between the CB6 and SARS-CoV-2-RBD, forming concentrated hydrophobic interactions and polar contacts. CB6 light chain has limited interactions with SARS-CoV-2-RBD, with only one hydrogen bond between Y505 and Y92. The superimposition of CB6/SARS-CoV-2-RBD complex and hACE2/SARS-CoV2-RBD complex indicated the steric competition between hACE2 and CB6 for RBD binding. The steric hindrance caused by CB6 is dominated by both the light chain and heavy chain of CB6, thus resulting in structure clashes with the SARS-CoV-2-RBD. CB6 and hACE2 have many overlapping binding sites on the RBD. In conclusion, steric hindrance caused by the VH and VL of CB6 and the overlapped binding areas inhibit the binding of SARS-CoV-RBD and hACE2 (Shi R. et al., 2020).



Monoclonal Antibody P2B-2F6

Total 206 kinds of RBD-specific monoclonal antibodies have been isolated from the B cells of 8 COVID-19 patients. The most potent neutralizing antibodies are P2C-1F11, P2B-2F6, and P2C-1A3. The crystal structure of P2B-2F6/SARS-CoV-2 RBD complex has been determined at 2.85 Å resolution (Figure 4D). The interactions between P28-2F6 and the SARS-CoV-2 RBD is dominated by the heavy chain of P28-2F6. The paratope contains 3 light chain residues and 14 heavy chain residues. All the 12 epitopes residues are in the RBM, including lysine 444, glycine 446 and 447, asparagine 448, tyrosine 449, asparagine 450, leucine 452, valine 483, glutamic acid 484, glycine 485, phenylalanine 490, and serine 494. At the binding interface, there are hydrophobic interactions between P2B-2F6 and SARS-CoV-2 RBD residues Y449, L452, and F490, facilitating P2B-2F6 attachment. Hydrophilic interactions also exit at the binding interface. Structural superimposition of SARS-CoV-2 RBD/ACE2 complex and SARS-CoV-2 RBD/P2B-2F6 complex shows that the light chain of P2B-2F6 clashes with ACE2 residues aspartic acid 67, lysine 68, alanine 71, lysine 74, glutamic acid 110, and lysine 114, inhibiting the binding of ACE2 and RBD. The residues in RBD recognized by both P2B-2F6 and ACE2 are Y449 and G446. Compared with the binding affinity between ACE2 and RDB, the binding affinity between P2B-2F6 and RBD is higher. P2B-2F6 Fab could connect with both the “up” and “down” conformations of the RBDs of the trimer spike protein, while ACE2 only binds the “up” conformation of RBD (Ju et al., 2020).



Antibody Cocktail: REGN10987 and REGN10933

One study used both genetically modified mice and B cells from SARS-CoV-2 convalescent patients to collect monoclonal antibodies. It has been identified that REGN10987 and REGN10933 are a pair of highly potent individual antibodies. The epitope of REGN10933 is located at the top of the RBD while the epitope of REGN10987 is located at the side of the RBD. They can bind to the RBD of SARS-CoV-2 simultaneously without competition. As a result, REGN10987 and REGN10933 can be paired in a therapeutic antibody cocktail. The bind of REGN10933 to RBD overlap the binding site for ACE2 extensively. However, the binding of REGN10987 has no or little overlap with the binding site of ACE2. The crystal structure has been identified (Hansen et al., 2020) (Figure 4E).



Monoclonal Antibody BD-23

High-throughput single-cell RNA and VDJ sequencing were used to identify SARS-CoV-2 neutralizing antibodies from the B cells of 60 convalescent patients and 14 antibodies with strong neutralization ability were discovered, including the neutralizing antibody BD-23. The crystal structure of BD-23-Fab/spike protein at 3.8 Å resolution has been solved (Figure 4F). The spike adopts an asymmetric conformation. Two RBDs of the spike protein trimer adopt “down” conformation and the other adopts “up” conformation. Structural superimposition of SARS-CoV-2 RBD/ACE2 complex and SARS-CoV-2 RBD/BD-23 complex shows that BD-23 could clash with ACE2 to inhibit the RBD-ACE2 binding, endowing BD-23 with the SARS-CoV-2 neutralizing ability (Cao et al., 2020).

A variety of other antibodies are found targeting the spike protein of the SARS-CoV-2. Antibody n3130 and n3088 target the SRBD and S1 subunit with the affinity of 55.4 nM (Wu et al., 2020a). Antibody S309 comes from B cells of SARS rehabilitation patients. It has cross-reaction with SARS-CoV and the affinity with its target SB is 0.1 nM. The crystal structure of S309 has been identified (Pinto et al., 2020). Antibodies n3103, n3088, and S309 do not block the binding of SARS-CoV-2 with its receptor ACE2. Horse F(ab’)2 comes from horse serum immunized with RBD and the affinity between F(ab’)2 and RBD is 0.76 nM (Pan et al., 2020).




Structure-Based SARS-CoV-2 Inhibitors

Currently, some small-molecule compounds have been developed which showed inhibitory effects on the SARS-CoV-2 infection, as described below.


Remdesivir

Remdesivir is an adenosine analogue and is a potent inhibitor of RdRp. Remdesivir could potently inhibit the replication of SARS-CoV-2 in vitro. Remdesivir shows broad-spectrum antiviral effects against RNA virus infection in cultured cells, nonhuman primate models, and mice. As an adenosine analogue, remdesivir functions after virus entry, via incorporating into nascent viral RNA to terminate the replication before the RNA become mature (Gurwitz, 2020). Remdesivir is a kind of prodrug. In target cells, it would transform into the triphosphate form (RTP) and become active (Siegel et al., 2017). Like other nucleotide analog prodrugs, remdesivir inhibits the RdRp activity through covalently binds the primer strand to terminate RNA chain. Upon adding ATP, the nsp12-nsp7-nsp8 complex exhibits the function of RNA polymerase. However, with the addition of the active triphosphate form of remdesivir (RTP), the RNA polymerization activity would be significantly inhibited. The structure of the apo RdRp is composed of nsp12, nsp7, and nsp8. Besides, the template-RTP RdRp complex is composed of a 14-base RNA in the template strand as well as 11-base RNA in the primer strand. Of note, the remdesivir is in the monophosphate form (RMP) in the complex. The RMP is covalently linked to the primer strand, three magnesium ions, and a pyrophosphate. The three magnesium ions locate near the active site and promote catalysis. The RMP locates in the catalytic active site center. The catalytic active site is composed of seven motifs. There are base-stacking interactions between RMP and the base of the primer strand in the upstream. Hydrogen bonds also exists between RMP and the uridine base of the template strand. There are also interactions between RMP and side chains (K545 and R555). Twenty-nine residues from nsp12 participate the binding of the RNA directly. No residue from nsp7 or nsp8 mediates the RNA interactions (Yin et al., 2020).

Similar to remdesivir, favipiravir is also an inhibitor of the RdRp. The structure of favipiravir resembles the endogenous guanine. Clinical trial demonstrated that favipiravir had little side effect as the first anti-SARS-CoV-2 compound conducted in China (Furuta et al., 2017; Tu et al., 2020).



N3

A mechanism-based inhibitor, N3, which was identified by the drug design aided by computer, could fit inside the substrate-binding pocket of the main protein and is a potent irreversible inhibitor of the main protein. Two of the Mpro-N3 complex associate to form a dimer (the two complexes are named protomer A and protomer B, respectively). Each protomer contains three domains which are designated as domain I−III. Both domain I and domain II have a β-barrel structure arranged in antiparallel manner. Domain III has five α-helices which associate to form a globular cluster structure in antiparallel manner. Domain III connects to domain II with a long loop. The cleft between domain I and domain II contains the substrate binding site. The backbone atoms of the compound N3 form an antiparallel sheet with residues 189–191 of the loop that connects domain II and domain III on one side, and with residues 164–168 of the long strand (residues 155–168) on the other (Jin et al., 2020a) (Figure 5A).




Figure 5 | The crystal structure of N3 and its inhibitors. (A) The crystal structure of N3-main protease complex. The main protease is colored brightorange. N3 is colored green (PDB: 6LU7). (B) The crystal structure of 11a-main protease complex. The main protease is colored brightorange, 11a is blue (PDB: 6LZE). (C) The crystal structure of 11b-main protease complex. The main protease is brightorange, 11b is red (PDB: 6M0K). (D) The crystal structure of Carmofur-main protease complex. The main protease is brightorange, carmofur is cyan (PDB: 7BUY).





11a and 11b

Two compounds, namely 11a and 11b which target the Mpro, exhibit excellent inhibitory effects on SARS-CoV-2 infection in vitro. The inhibitory activity of 11a and 11b at 1 µM is 100 and 96%. In vivo, the 11a and 11b exhibit good pharmacokinetics (PK) properties. Of note, 11a showed low toxicity as well. The -CHO group of 11a and 11b bond to the cysteine 145 of Mpro covalently. Different parts of 11a (designated as P1’, P1, P2, and P3) fits into different parts of the substrate-binding site. The (S)-γ-lactam ring of 11a at P1 inserts into the S1 site. The cyclohexyl moiety of 11a at P2 fits into the S2 site. At the part P3 of 11a, the indole group is exposed to the S4 site (in the solvent). The oxygen atom of -CHO forms a hydrogen bond with the cysteine 145 in the S1’ site. In addition, many water molecules (designated as W1−W6) are critical for binding 11a. The SARS-CoV-2 Mpro-11b complex is similar to the SARS-CoV-2 Mpro-11a complex and the 11a and 11b exhibit similar inhibitor binding mode (Dai W. et al., 2020) (Figures 5B, C).



Camostat Mesylate

TMPRSS2 and TMPRSS4 are two mucosa-specific serine proteases which facilitate the fusogenic activity of SARS-CoV-2 spike protein and facilitate the virus to enter host cells (Zang et al., 2020). SARS-CoV-2 employs the TMPRSS2 in cells to prime the spike protein. TMPRSS2 activity is critical for the spread of SARS-CoV-2 as well as the pathogenesis in the infected host. Therefore, TMPRSS2 is a potential antiviral target. The spectrum of cell lines mediated entry by the S protein of SARS-CoV-2 and SARS-CoV are similar. Camostat mesylate, a clinical TMPRSS2 inhibitor, can partially block SARS-CoV-2 spike-driven entry into lung cells. In addition, camostat mesylate exhibits potent inhibit activity on SARS-CoV, SARS-CoV-2, and MERS-CoV, inhibiting them from entering lung cell line Calu-3, without cytotoxicity. In conclusion, camostat mesylate has the potential to treat and prevent COVID-19 (Hoffmann et al., 2020).



Carmofur

The antineoplastic drug carmofur can inhibit the main protease (Mpro) of SARS-CoV-2. The crystal structure of carmofur-main protease complex has been solved. Carmofur inhibits the activity of SARS-CoV-2 main protein in vitro and the half-maximum inhibitory concentration (IC50) is 1.82 μM. Carmofur is an approved antineoplastic agent used for colorectal cancer. It is a derivative of 5-fluoroyracil (5-FU). The molecular details of how carmofur inhibits the activity of SARS-CoV-2 main protein have not been resolved. One study showed the crystal structure of SARS-CoV-2 Mpro-carmofur complex. The electron density figure indicates that the fatty acid moiety (C7H14NO) of carmofur links with the Sγ atom of SARS-CoV-2 main protein catalytic residue Cys145 covalently. The electrophilic carbonyl group of carmofur is attacked by the sulfhydryl group of Cys145. This process modifies the Cys145 covalently and releases the 5-FU motif. Notably, numerous hydrogen bonds and hydrophobic interactions stabilize the inhibitor carmofur. The fatty acid tail of carmofur (an extended conformation) inserts into the S2 subunit of SARS-CoV-2. Most of the hydrophobic interactions are contributed by His41, Met165, and Met49 in the side chain (Jin et al., 2020b) (Figure 5D).



Lipopeptide EK1C4

The complex (6-HB) formed by the HR1 and HR2 of the SARS-CoV-2 S protein could facilitate the infection of the viruses (Xia et al., 2020b). EK1 is one kind of coronavirus fusion inhibitor and has an inhibitory effect on various coronaviruses. It targets the HR1 of the S protein of human coronavirus and has been proved to effectively inhibit the infection of five HCoVs, including SARS-CoV and MERS-CoV. Peptide EK1 could intervene the formation of viral 6-HB (Xia et al., 2020a). A recent study shows that the peptide EK1 could also inhibit the membrane fusion mediated by SARS-CoV-2 spike protein as well as SARS-CoV-2 pseudovirus infection in a dose-dependent manner (Xia et al., 2020a; Xia et al., 2020b). EK1C is constructed by covalently attaching the cholesterol acid to the C-terminal of EK1 sequence. It is noteworthy that the lipopeptide EK1C4 has the strongest inhibitory effect on the membrane fusion which is mediated by the spike protein, with IC50 of 4.3 nM. However, the IC50 of EK1 is 409.3 nM. EK1C4 could also potently inhibit the infection caused by live coronavirus in vitro with little, or even no, toxic effect. In conclusion, EK1C4 has the potential to be used for the treatment and prevention of COVID-19 (Xia et al., 2020a).




Vaccines of SARS-CoV-2

It is urgent to develop effective and safe vaccines to control the new occurrence of COVID-19 and to reduce SARS-CoV-2-infection-related morbidity and mortality (Amanat and Krammer, 2020). Chinese Health Commission announced that more than five kinds of vaccines are currently developed for COVID-19 in China, including subunit protein vaccine, nucleic acid vaccine, inactivated vaccine, adenoviral vector vaccine, and influenza viral vector vaccine (Lu, 2020; Sun J. et al., 2020). As of October 17, 2020, there are 177 vaccine candidates for COVID-19 and 54 are in human trials in the world (https://biorender.com/covid-vaccine-tracker). For example, the non-replicating Ad5 vectored COVID-19 vaccine produced by CanSino Biologics lnc, the mRNA-1273 COVID-19 vaccine developed by Moderna, the DNA vaccine of Inovio Pharmaceuticals, the BioNTech’s mRNA COVID-19 vaccine, the vaccine ChAdOx1 nCoV-19 of University of Oxford (Zhu et al., 2020), the adenovirus serotype 26 vector-based vaccine Ad26.COV2.S, the Novavax’s protein subunit vaccine NVX-CoV2373, the Sinovac’s inactive vaccine CoronaVac, the Chulalongkorn University’s mRNA vaccine ChulaCov19, etc. (https://biorender.com/covid-vaccine-tracker). Currently, clinically approved vaccines are not widely available (Hu B. et al., 2020). The safety and efficacy of the vaccines should be kept in mind in the efforts of vaccine development. Following are some notable SARS-CoV-2 vaccines in development.


mRNA-1273

Moderna’s mRNA-based vaccine stimulates the expression of target antigen after injection of mRNA encapsulated in nanoparticles (Amanat and Krammer, 2020). The vaccine is called mRNA-1273, it is a synthetic mRNA strand, which can encode the viral spike protein that is stable before fusion. After being injected into the body intramuscularly, the vaccine mRNA-1273 could stimulate antiviral response that targets the spike protein of SARS-CoV-2 specifically. Different from conventional route of vaccine development, the lipid mRNA nanoparticle-encapsulated mRNA vaccine can be synthesized and made without the virus (Tu et al., 2020). At present, mRNA-1273 has completed phase I clinical trial (ClinicalTrials.gov Identifier: NCT04283461) and phase II clinical trial. The results of the mRNA-1273 vaccine phase I clinical trial in 45 healthy adults (18–55 years old) show a strong antibody and cellular immune response in participants and no safety concerns are identified (Jackson et al., 2020). Phase II clinical trial is a dose-conformation study used to evaluate the safety, reactogenicity, and immunogenicity of mRNA-1273 in healthy adults. The phase III clinical trial has started on July 27, 2020 (ClinicalTrials.gov Identifier: NCT04470427). This is a randomized, stratified study to evaluate the efficacy, immunogenicity, and safety of the vaccine in healthy adults.



Recombinant Adenovirus Type-5 (Ad5) Vectored Vaccine

The phase I clinical trial of an Ad5 vectored COVID-19 vaccine has been done in Wuhan, China. The Ad5 vectored COVID-19 vaccine targets the spike protein of SARS-CoV-2. This trial is a dose-escalation, non-randomized, open-label, and first-in-human trial. The vaccine trial had three dose groups, including 5×10¹⁰, 1×10¹¹, and 1.5×10¹¹ viral particles. A total of 108 participants who were healthy and aged between 18−60 years old were allocated to one of the three dose group and each group contains 36 participants. The vaccine is injected intramuscularly into the human body. Results indicated that participants in all the dose groups exhibited at least one adverse reaction within 7 days post-vaccination. The most reported adverse reaction at the injection site was pain. Fever and fatigue were the most common systematic symptoms, 46 and 44% of the recipients exhibited such symptoms, respectively. However, most reported adverse reactions were mild or moderate in severity. Within 28 days after vaccination, no serious adverse reactions were reported. Humoral responses against SARS-CoV-2 peaked 28 days after vaccination in participants. From 14 days after vaccination, the specific T-cell responses were notable and rapid. Results demonstrate that this vaccine is immunogenic and tolerable in healthy adults and has the potential to control the outbreak of COVID-19. However, further investigations are needed to identify the immunogenicity and safety of this vaccine (Zhu et al., 2020). The phase II trial in China (NCT04341389) has started. This is a randomized, double-blinded and placebo-controlled clinical trial in healthy adults. The purpose of the study is to evaluate the safety and immunogenicity of Ad5 vectored vaccine.



PiCoVacc

In a recent study, a purified inactivated SARS-CoV-2 virus vaccine candidate (PiCoVacc) is developed in a pilot-scale production. The target of PiCoVacc is the entire virus. The study indicated that PiCoVacc could induce neutralizing antibodies which neutralized 10 representative SARS-CoV-2 strains in mice, rats, and non-human primates, suggesting its strong potential to neutralizing the other SARS-CoV-2 strains that are circulating. Six μg per dose of the PiCoVacc could protect the macaques from SARS-CoV-2 infection completely and systematic evaluation suggests its safety (Gao Q. et al., 2020).



DNA Vaccines

A recent study (Yu J. et al., 2020) has produced a series of DNA vaccine candidates which express six variants of the spike protein of the SARS-CoV-2. DNA vaccines targets the spike protein of SARS-CoV-2. The candidates were evaluated in 35 rhesus macaques. At week 0 and week 3, rhesus macaques were injected 5 mg DNA vaccines intramuscularly. S-specific binding antibodies and neutralizing antibodies (NAbs) were detected after the boost immunization at week 5. Neutralizing antibody (NAb) titers in the vaccinated macaques were comparable to the Nab titers in 9 convalescent rhesus macaques and 27 convalescent patients who were infected with SARS-CoV-2. Cellular immune responses targeting the S peptides were observed in most of the vaccinated rhesus macaques at week 5. At week 6, all rhesus macaques were challenged with 1.2×108 VP SARS-CoV-2 intranasally and intratracheally. Compared to the control groups, lower levels of SARS-CoV-2 RNA were observed in the vaccine groups. Reduced levels of subgenomic mRNA (sgmRNA) in bronchoalveolar lavage (BAL) and nasal swabs (NS) were observed in vaccine groups. In conclusion, these DNA vaccines prevent rhesus macaques from being infected by SARS-CoV-2 and may accelerate the development of SARS-CoV-2 vaccine which are urgently needed to protect humans from SARS-CoV-2 infections.



A Universal Betacoronavirus Vaccine Against COVID-19, MERS, and SARS

The RBD of coronaviruses is an attractive vaccine target. However, RBD-based vaccines have relatively low immunogenicity. One study describes the dimeric form of MERS-CoV RBD. Compared to monomeric form, the RBD-dimer could expose double receptor-binding motifs and increase neutralizing antibody (NAb) titers significantly, so as to overcome the limitation of low immunogenicity. RBD-sc-dimer is a stable version of RBD-dimer with high vaccine efficacy. When using this strategy to design vaccines against SARS and COVID-19, 10–100-fold enhancement of Nab titers were achieved. Notably, the Nab titers caused by two-dose of RBD-sc-dimer is much higher than the RBD-sc-dimer, reaching ~4,096 (Dai L. et al., 2020).

On June 23, 2020, the clinical phase III trial of the inactivated SARS-CoV-2 vaccine developed by the SINOPHARM CNBG launched officially. This is the first international clinical phase III trial of inactivated SARS-CoV-2 vaccine. The clinical phase III trial takes about half a year to evaluate the safety and effectiveness of the vaccine in a larger population.




Discussion

The rapid global pandemic of SARS-CoV-2 has already posed a great threat to human health, social health system, global economy, and even the global governance, and these influences may likely continue for a longer time. We need to learn the epidemic logic of SARS-CoV-2 and study the unknown viruses carried by wild animals in nature in advance to make early warning. There may be an outbreak caused by other kinds of viruses next time except for SARS-CoV-2. Study experiences and lessons on different viruses may be referenced each other.

Sufficient understanding on the differences of structural and non-structural proteins among SARS-CoVs and other coronaviruses may help to the development of therapeutics for SARS-CoV-2 infection. The non-structural proteins of the coronaviruses which can infect humans are relatively similar with SARS-CoV-2 in structure. Except S protein, most of the structural proteins, such as E protein and M protein, showed no significant difference in protein architecture between SARS-CoV-2 and other known human CoVs. The S protein of CoVs is responsible for binding the host cell-surface receptor during host cell entry. Different CoVs recognize different cell surface receptor. For instance, MERS-CoVs recognize the dipeptidyl peptidase 4 receptor. Nevertheless, SARS-CoV and SARS-CoV-2 recognize the ACE2 receptor. This may be the reason why different CoVs have various host entry mechanism. In addition, the SARS-CoV-2 RBD has higher hACE2 binding affinity than SARS-CoV RBD, supporting efficient cell entry. Unlike SARS-CoV, the entry of SARS-CoV-2 is preactivated by proprotein convertase furin, reducing its dependence on target cell proteases for entry. The high hACE2 binding affinity of the RBD and the furin preactivation of the spike allow SARS-CoV-2 to maintain efficient cell entry while evading immune surveillance. These features may contribute to the wide spread of the virus.

Due to the limited knowledge about SARS-CoV-2 at present, there is no approved therapeutic drugs or vaccines available for the treatment of COVID-19. As the global epidemic worsens, effective and safe vaccines, antibodies, and specific anti-SARS-CoV-2 drugs are in urgent need. Neutralizing antibodies are expected effective for SARS-CoV-2 infection, but their costs, production scales, and covering rates are still questions. Vaccine development also faces difficulties such as timeliness and ineffectiveness due to inconsiderate vaccine design and/or virus mutation.

Unlike the vaccine which has a relatively clear mechanism and route in development, antiviral drugs with high potency and high safety may be more difficult to develop at present because of our incomplete understanding on the virus world and the host responsiveness. This may be the reason why there is no one satisfactory antiviral drug available till now. The potential in vivo toxic effect of an antiviral drug which is claimed effective in vitro may disappointingly overwhelm its pharmacological applause. New and unconventional ideas and routes of antiviral drug design and development are needed to overcome the shortcomings of the present reductionism-based drug research. In this aspect, the holism-based traditional Chinese medicine especially the Chinese medical herb formulae could be considered which are proved effective in the fight against COVID-19 in China (Ang et al., 2020; Luo et al., 2020; Ren et al., 2020; Zhang et al., 2020a; Zhong et al., 2020), although further mechanistic studies and large-scale clinical trials are warranted.

Recently, many countries in the world have increased their investment in the research and development of antiviral drugs, antibodies, and vaccines. Accelerating the development of vaccines is likely the current keyway to solve this global disaster. Through joint efforts around the world, people can develop effective anti-SARS-CoV-2 technologies hopefully in the near future.
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Introduction

The ongoing pandemic disease named by the World Health Organization (WHO) coronavirus disease 2019 (COVID-19), is caused by Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), the seventh confirmed RNA single strand beta coronavirus infecting the human beings. According to the WHO, to date (November, 10th 2020), SARS-CoV-2 has affected 50,459,886 people and caused 1,257,523 deaths in the world.

Around 80% of people affected by SARS-CoV-2 infection is asymptomatic or present mild to moderate symptoms, mostly restricted to the upper and conducting airways, often including anosmia and ageusia. The other 20% develops a more critical clinical situation needing hospitalization, which progress, in 5% of cases, in a severe respiratory syndrome requiring ventilatory support and even death (Domingo et al., 2020).

SARS-CoV-2 infects predominantly endothelial cells which express Angiotensin Converting Enzyme (ACE) 2 plasma membrane protein to which the spike protein of SARS-CoV-2 binds (Wan et al., 2020). Therefore, ACE2 represents the receptor of SARS-CoV-2 and ACE2 deficiency related to viral destruction of ACE2 expressing cells, causes severe acute respiratory syndrome and other symptoms related to endothelial cells infection (See NOX2 Activation in COVID-19). However, endothelial cells are not the only target cells of SARS-CoV; ACE2 is also expressed in respiratory epithelium, in type II pneumocytes, and in cells of cardiovascular, gastrointestinal, renal, and central nervous systems as well as adipose tissue (Hamming et al., 2004). COVID-19 is therefore a multi-organ disease as the effects of viral infection are extended to a wide range of tissues and organs and, in many cases, death occurs from non-respiratory causes such as renal failure or ischemic episodes (Zaim et al., 2020).

Reactive oxygen species (ROS) derived from NADPH oxidase enzymes (NOXs) and oxidative stress are involved in viral pathogenesis (Khomich et al., 2018). NOX enzymes, present in cell and phagosome membranes, belong to a family of six members (NOX1-5 and DUOX1 and 2) which catalyze the dismutation of superoxide anion to hydrogen peroxide and water (Bedard and Krause, 2007). NOX-driven ROS are signaling molecules regulating numerous physiological functions (Damiano et al., 2015; Damiano et al., 2019). However, a growing body of evidence points to a connection between exceeding NOX-derived ROS and multiple chronic diseases including hypertension, diabetes, and cardiovascular disease as well as obesity (Sahoo et al., 2016).

Among patients developing the severe form COVID-19, a high percentage suffer of pre-existing pathological conditions like hypertension (57%), diabetes (34%), obesity (42%), and cardiovascular diseases (20–40%) which are also main contributing factors for COVID-19-related deaths (Zhou et al., 2020).

Highly effective therapeutics to prevent or treat the severe form of COVID-19 infection are still lacking. We believe that understanding the common denominator of COVID-19 co-existing pathological conditions and why they worsen the outcome of COVID-19 is a current need for the development of more effective interventions or even to take prevention measures to protect subjects at higher risk.

A possible common pathogenic mechanism of the main comorbidities associated with the development of the severe form of COVID-19 is the activation of the ROS generating NADPH oxidase enzymes (NOXs) and the associated oxidative stress (See NOX Activation Is a Common Hallmark of Main Comorbidities Associated to Severe COVID-19). Of note, endosomal NOX activation is essential for SARS-CoV cell infection and some studies have demonstrated the induction of a serum marker of NOX activation in patients affected by COVID-19 (Violi et al., 2020).

Taking into account all these evidences, we propose that a pre-existing NOX pathway dysregulation could be a determining factor in the development of the severe form of COVID-19 infection and in the onset of complications worsening the clinical outcome of disease.



NOXs and Viral Diseases


NOXs in SARS-CoV Infection

Oxidative stress is a hallmark of severe SARS-CoV infections including SARS-CoV-2 (Cecchini and Cecchini, 2020). Before the onset of COVID-19 pandemic, it has been shown that NOX2 is activated in the endosomal compartment by different types of RNA and DNA viruses employing endosomes as their primary entry mechanism (To et al., 2017). It has been proposed that the interaction between viral RNA/DNA and endosomal toll-like receptor 7 (TLR7) activates this latter which, in turn, induces NOX2, increasing ROS (To et al., 2017; DiNicolantonio and McCarty, 2020). Even if it is still unknown, it is reasonable to hypothesize that SARS-CoV-2, as well as others single stranded RNA and DNA viruses entering cells via endosomes, relies on the same TLR7/NOX2-dependent mechanism to infect cells and to circumvent antiviral responses inducing oxidative stress and cell injury. In viral infections, NOX derived ROS, contribute to inflammation and tissue damage (Khomich et al., 2018). However, additional functions have been attributed to NOXs in viral establishment and on the onset of complications. It has been shown that NOX enzymes play a direct role in the early events of retrovirus life cycle (Kim and Wong, 2013), while, in rhinovirus infections, they determine an impairment of epithelial barrier functions, thus facilitating bacterial transmigration (Comstock et al., 2011).

In general, as compensatory mechanism, oxidative stress induces an antioxidant response through nuclear factor E2-related factor 2 (Nrf2) pathway activation. At low levels of ROS, Nrf2 is associated in the cytoplasm with kelch-like ECH-associated protein 1 (Keap1), which targets Nrf2 to proteasomal degradation. When ROS are generated at high levels, Nrf2 dissociates from Keap1, translocates into the nucleus, and binds the antioxidant response element (ARE) of the promoters of target genes encoding mainly antioxidant enzymes like superoxide dismutases, catalase, peroxiredoxins, and glutathione peroxidases (Khomich et al., 2018).

In viral infections, oxidative cell damage can be associated to an inhibition of Nrf2 pathway (Komaravelli and Casola, 2014). Noteworthy, it has been shown that the expression of Nrf-2 related antioxidant gene expression is suppressed in biopsies obtained from COVID-19 patients (Olagnier et al., 2020) (Figure 1). On this basis, it has been hypothesized that antioxidant therapy, endosomal-targeted ROS inhibitors (To et al., 2017), or Nrf-2 activators could suppress pathogenicity of many viruses, including SARS-CoV-2 (Cuadrado et al., 2020).




Figure 1 | Hypothesis of redox control of host cells in SARS-CoV-2 infection. Virus entry activates NOXs and inhibits Nrf-2 antioxidant response inducing ROS levels. NOX family members and their regulatory subunits are shown in detail on the left. NOX1-3 comprise two membrane subunits (NOX1-3 and p22phox), that represent the catalytic core of the enzyme, and different cytosolic subunits which translocate to membrane upon activation. NOX4 is constitutively active when associated with p22phox subunit. Nox5 and Duox1/2 activation involves Ca2+ binding to EF-hand domains.





NOX and ACE2/Ang(1-7)/Mas Receptor Signaling

About the pathogenetic mechanisms of COVID-19 and its complications, the downregulation of ACE2/Ang (1-7)/Mas axis exerts a pivotal role. ACE2 is a master regulator of the renin-angiotensin system (RAS) mainly by converting Ang (angiotensin) I and Ang II into Ang (1–9) and Ang (1–7), respectively (Wang et al., 2020). Ang (1–7), through the interaction with Mas receptor, negatively regulates AngII/AT1, thus contrasting the vasoconstrictive, proinflammatory, and prothrombotic effects of this pathway. ACE2/SARS-CoV-2 interaction results in a loss of ACE2 which is driven into the cells by endocytosis and cleaved by proteolysis. Therefore, the loss of ACE2 has two negative effects. The first is an upstream accumulation of Ang II and hyperactivation of the AngII/AT1R pathway; the second one is the downregulation of the counterregulatory Ang (1-7)/Mas receptor pathway which antagonizes AngII/AT1R. The downregulation of ACE2 ultimately can explain the severe multi-organ symptomatology subsequent to SARS-CoV-2 infection.

Interestingly, experimental data link NOXs and ACE2/Ang (1–7)/Mas receptor axis. In transgenic mouse overexpressing ACE2 in neurons, the hyperactivation of ACE2/Ang (1–7)/Mas axis has a protective effect against ischemic injury by preventing ischemia-induced NOX/ROS signaling pathway activation, especially in older animals (Zheng et al., 2014). Therefore, as opposed to ACE/AngII axis which activates NOXs, it seems that ACE2/Ang (1–7)/Mas axis activation is associated with NOXs inhibition.



NOX2 Activation in COVID-19

It has been hypothesized that oxidative stress could play a prominent role in determining cardiovascular complications in COVID-19 and that oxidative stress is linked to NOX activation (Loffredo and Violi, 2020).

Relevant experimental data are now emerging about the relationship between NOXs-dependent pathway and the course of COVID-19. NOX2 activation is associated with severe disease and thrombotic events in COVID-19 patients (Violi et al., 2020). The soluble Nox2-derived peptide (sNox2-dp), a serum marker of NOX2 activation, has been measured in 182 patients hospitalized for COVID-19. The data evidenced that sNox2-dp values were higher in COVID-19 patients compared to controls and in severe versus non-severe COVID-19 affected subjects.




NOX Activation Is a Common Hallmark of Main Comorbidities Associated to Severe COVID-19

The main COVID-19 comorbidity includes hypertension, cardiovascular diseases, obesity, and diabetes, all of which are associated to NOX signaling dysregulation. Hypertension is an important risk factor for other cardiovascular diseases such as coronary artery disease, stroke, heart failure, peripheral vascular disease, chronic kidney disease, and atherosclerosis, as well as for the development of severe COVID-19. NOXs are the main source of ROS within the vascular system. Many data have shown that hypertension-associated vascular functional and structural changes are attributable to NOX-driven intravascular ROS generation. Indeed, Ang II, a well-known pro-hypertensive factor, augments blood pressure activating NOX via AT1 receptor (Okabe et al., 2020). Among NOX isoforms, NOX5 exerts a relevant role in blood pressure control. In support of these findings, in a recent genome-wide association study (GWAS) of 475,000 subjects, NOX5 was recognized as an important blood pressure associated gene (Kraja et al., 2017).

Diabetes mellitus, as well, has been identified as an important risk factor for severe COVID-19. A meta-analysis including 33 studies have shown that diabetes is associated with a two-fold increase in mortality and severity of COVID-19, as compared to non-diabetics (Kumar et al., 2020). Studies in type 2 diabetes (TD2) models revealed that anomalous NOX activation contributes to endothelial dysfunction. In TD2 patients hyperglycemia is coupled with inflammation and oxidative stress leading to endothelial dysfunction (Park et al., 2009). Among the endothelial cellular events triggered by hyperglycemia, NOXs are key players involved in oxidative stress generation (Feduska and Tse, 2018).

Obesity represents a high risk factor for the development of severe COVID-19 infection (Sattar et al., 2020). Experimental data mechanistically link the development of obesity with NOX activation. Obesity, along with obesity-associated conditions such as metabolic syndrome and diabetes, is associated with increased NOX-driven ROS production in key organs such as adipose tissue, skeletal muscle and vasculature. The resulting oxidative stress impairs numerous physiological processes like insulin signaling, endothelial functions, and others which overall lead to inflammation and development of pathological conditions (DeVallance et al., 2019). Is has been proposed that ROS derived by NOX4, the major adipocyte isoform of NADPH oxidase, may play a role in the onset of insulin resistance and adipose tissue inflammation during the development of obesity in mice fed a high-fat, high-sucrose diet (Den Hartigh et al., 2017).

In general, NOX pathway-dependent dysregulation is a key determinant in the loss of endothelial functions (Meza et al., 2019) which is a common feature also of other co-existing pathologies associated to COVID-19 worsening its outcome. Moreover, in the attempt to explain the common thromboembolic complications of COVID-19, it has been proposed that SARS-CoV-2 infection of endothelial cells induces luminal expression of tissue factor (TF) which activate extrinsic clotting (DiNicolantonio and McCarty, 2020). In the proteolytic cascade triggered by TF leading to blood coagulation the activation of NADPH oxidase is mandatory (Herkert et al., 2004).



Discussion

The elevated number of death associated to COVID-19 arises from the inadequacy of current treatments unable to combat SARS-CoV-2 infection or to prevent severe complications and ultimately death. Therefore, exploring new treatment options interfering with signaling pathways involved in the pathogenesis of COVID-19 is an urgent need.

The data discussed in the present opinion paper suggest that reducing oxidative stress could improve the poor outcome that characterized severe COVID-19. Due to the central role exerted by NOXs pathway dysregulation and related oxidative stress in the main comorbidity associated to severe COVID-19, and considering its involvement in SARS-CoV viral infection mechanism, targeting NOX enzymes seems a promising strategy to treat COVID-19 and to prevent severe complications.

There are currently no drugs available to selectively block NOXs enzymes approved for their use in human subjects. Experimentally, it has been shown that NOX inhibitors such as diphenyleneiodonium (DPI), apocynin and 4-(2-aminoethyl) benzenesulfonyl fluoride (AEBSF), or peptidic inhibitors are effective in mitigating symptomatology in different animal models of disease (Altenhöfer et al., 2015). However, the reduction of oxidative stress by many substances used in humans is associated with downregulation of NOX signaling. Indirect evidence of the efficacy of treatments for COVID-19 influencing NOXs are represented, among others, by metformin. Contrasting data are present in literature about the association between metformin and decreased mortality in patients with COVID-19 and diabetes. However, a meta-analysis including five studies with a total of 6,937 patients showed that metformin use is associated with reduction in mortality rate from COVID-19. Similar findings are reported in a retrospective study by Luo et al. (2020). Moreover, in obese or T2DM subjects affected by COVID-19, metformin was associated with decreased mortality in women, while, among men, no significant reduction in mortality was observed (Bramante et al., 2020). This sex specific effect of metformin in protecting by COVID-19 was explained with the finding that metformin reduces the pro-inflammatory cytokine TNFalfa in female but not in male. Different hypotheses have been formulated to explain metformin molecular mechanism in protecting from severe form of COVID-19. However, importantly, metformin seems to inhibit the inflammatory response and to modulate NOX (Najafi et al., 2018).

In addition, natural compounds like polyphenols, could have a potential preventive role against the onset of severe COVID-19. These natural compounds have antioxidant properties; however, like some enzymatic antioxidants (Damiano et al., 2013; Damiano et al., 2020), their biological effects are related to the ability to modulate cell-signaling pathways rather than to their antioxidant activity (Damiano et al., 2018). Of note, polyphenols, which have been proposed to serve for prevention and therapy of COVID-19 for their anti-inflammatory properties, have an inhibitory effect on NOXs activity (Yousefian et al., 2019). The list of substances that could improve oxidative stress through inhibition of NOX-dependent pathways is broad and those reported here represent only some intriguing examples.

In conclusion, we believe that the proposed unified point of view of the clinical picture associated with the development of severe COVID-19 highlighting the role of NOXs as key molecular determinants, may provide important clues for the protection of subjects at higher risk and for the development of new targeted therapies fighting the severe forms of illness.
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The discovery of T-cell responses to SARS-CoV-2 in non-infected individuals indicates cross-reactive immune memory from prior exposure to human coronaviruses (HCoV) that cause the common cold. This raises the possibility that “immunity” could exist within populations at rates that may be higher than serology studies estimate. Besides specialized research labs, however, there is limited ability to measure HCoV CD4+ and CD8+ T-cell responses to SARS-CoV-2 infection, which currently impedes interpretation of any potential correlation between COVID-19 disease pathogenesis and the calibration of pandemic control measures. Given this limited testing ability, an alternative approach would be to exploit the large cohort of currently available data from which statistically significant associations may be generated. This would necessitate the merging of several public databases including patient and contact tracing, which could be created by relevant public health organizations. Including data from both symptomatic and asymptomatic patients in SARS-CoV-2 databases and surveillance systems could provide the necessary information to allow for more informed decisions.
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Introduction—Asymptomatic Infection in Dense Populations

It is most curious that the majority of poor, highly populated countries have seen fewer deaths per million during the current pandemic than most advanced Western nations. In contrast, during the 1918 influenza pandemic, which had a global death rate approaching 3%, less-developed countries saw noticeably higher rates (Spreeuwenberg et al., 2018). The large variation in SARS-CoV-2 deaths per million people between countries, and even states and counties within the U.S., are on the surface confusing and difficult to explain. It seems counterintuitive that countries with both limited health resources and sick, aging populations have reported far fewer mortalities due to SARS-CoV-2 than countries with advanced healthcare resources, relatively healthy populations and greater lock-down measures (Worldometer; Contributors W; Engineering JHUCfSSa, 2020) (Table 1).


Table 1 | Covid-19 Deaths/Million – 40 most populous countries and United States counties.



While a number of factors may explain this anomaly, including differences in age, co-morbidities, socio-economic status, and testing capacity, it should not be overlooked that individuals in these poorer countries, who often reside in crowded multi-generational family groups with shared facilities, may have experienced increased and possibly sustained, exposure to human coronaviruses (HCoVs) that cause the “common cold”. This elevated exposure, which may lead to greater levels of cross-immunity to SARS-CoV-2, may help explain why:

	A serology study of slums in three wards of Mumbai showed that residents there had 3·5 times the SARS-CoV-2 infection rate of those in housing societies (57% versus 16%), but lower fatality rates (0·05%–0·10%) (Malani et al., 2020). None of the people included in the study had been tested for active SARS-CoV-2 infection using an RT-qPCR assay, suggesting either asymptomatic infection or very mild symptoms.


	A study of the United States state prison systems in Arkansas, North Carolina, Ohio, and Virginia revealed a 70% infection rate amongst the 4,693 inmates tested, of whom 96% were asymptomatic. A significant number of these prisoners were older and, therefore, presumed to be more prone to complications, but this was not the case (So and Smith, 2020).


	Approximately 90% of 147 homeless shelter residents in Boston who were infected with SARS-CoV-2 exhibited no symptoms, even though the shelter’s living space was shared by all residents. Similarly, 95% of the 481 infected workers at a Tyson Foods poultry plant in Springdale, Arkansas were asymptomatic (Cha, 2020).






Asymptomatic Infection in School Children

Schools are densely populated environments, so their reopening has left many people anxious about the role they may play in spreading SARS-CoV-2 within homes and the wider community. Data has consistently shown that children who become infected with SARS-CoV-2 typically experience mild or no symptoms. There may be multiple reasons for this clinical outcome, including the lack of comorbidities and/or age-related immune system characteristics. However, an intriguing possibility is that cross-reactive T-cells generated in response to HCoV-related colds may be present at a higher prevalence within the younger population due to exposure in school environments (Arroll, 2011; Steinman et al., 2020). It may be possible that these “circulating” cross-reactive T-cells could suppress the development of clinical symptoms, despite a recent study demonstrating that viral nucleic acid loads in 5- to 17-year-olds match or exceed (for those less than 5 years old) those found in adults (Heald-Sargent et al., 2020). It is also unclear to what extent infected children shed SARS-CoV-2 or are vectors for its spread, especially those who are symptom-free. Studies to date have suggested that children, especially those in primary or elementary schools, are at low risk of contracting the disease, may be the initial source of infection in only a very small number of cases, and are unlikely to pass it on via child-to-child or child-to-adult transmission (Armann et al., 2020, Davies et al., 2020; Munro and Faust, 2020; Posfay-Barbe et al., 2020).



T-Cell Responses to SARS-CoV-2 in Non-Infected and Asymptomatic Individuals

While T-cell responses to SARS-CoV-2 in infected individuals have now been reported, the emerging descriptions of pre-existing SARS-CoV-2 cross-reactive CD4+ and CD8+ T-cells amongst individuals who have not been infected are of particular interest (Corman et al., 2018; Braun et al., 2020; Grifoni et al., 2020; Sette and Crotty, 2020). The presence of these cross-reactive T-cells appears to be explained by prior exposure to HCoVs, such as HCoV-HKU1, HCoV-OC43H, CoV-NL63, and HCoV-229E, that generate T-cells capable of recognizing SARS-CoV-2 antigens (Mateus et al., 2020). Though involving different viruses, a similar situation is reminiscent in the historical findings of physician Edward Jenner, who discovered that milkmaids rarely succumbed to smallpox and correctly deduced that exposure to cowpox, a related virus causing a much milder illness, protected them. Similarly, during the 2009 swine flu pandemic caused by H1N1/09, the majority of people over the age of 60 displayed levels of pre-existing immunity resulting from exposure to similar flu viruses earlier in life, while young individuals had very little immunity and were, in contrast to the current situation, at greater risk (Xu et al., 2010).

Immunocompetent children and adults with respiratory infections (the common cold) often present as asymptomatic, or develop mild respiratory tract illnesses. More than 200 viral strains have been implicated as causal factors of the common cold. Rhinoviruses are responsible for ~35% of upper respiratory infections; HCoVs, often asymptomatic, cause 15-25% of cases, while influenza, adenoviruses, and other viral types account for the rest. Adults average two to three common colds each year, while children get six to eight, of which one or two are caused by HCoVs (Simasek and Blandino, 2007). Accordingly, it was found in a study of 100 subjects that most individuals had evidence of serum antibodies to all four HCoV strains (Gorse et al., 2010). We envisage one potential study resulting from a synthesis of these observations could be to investigate whether levels of longer-lasting “immunity” to SARS-CoV-2 could be higher than serology tests indicate. A positive result would be welcome news from a public health perspective.

Our ability to measure HCoV CD4+ and CD8+ T-cell responses to SARS-CoV-2 infection is limited due to the specialized nature of the tests. This major knowledge gap makes the interpretation of COVID-19 disease pathogenesis more difficult and clouds our ability to quantify the usefulness of pandemic control measures, such as social distancing.



Current Databases Do Not Capture Severity of Symptoms and Cohabitation Data

Searches of relevant publicly available databases, including the Johns Hopkins Coronavirus Resource Centre, National Institutes of Health Open-Access Data and Computational Resources to Address COVID-19, CDC World Dataset, The Covid-19 Tracking Project, Florida Department of Health, New York City Department of Health and Mental Hygiene, 1Point3Acres, and others, revealed a lack of information relating to the severity of symptoms (symptomatic vs. asymptomatic), possibly related to lower testing rates in highly populated or developing countries for individuals who are asymptomatic. More importantly, information pertaining to cohabitation and contact tracing was not included. A retrospective analysis that combines information from SARS-CoV-2 patient and contact tracing databases might be useful in determining whether individuals infected with SARS-CoV-2 who reside with school-age children are more likely to be asymptomatic. Such an analysis could be used to test the hypothesis that exposure to HCoV in densely populated environments leads to greater levels of cross-immunity to SARS-CoV-2.



The Need to Include Asymptomatic Individuals in Surveillance Studies

Surveillance studies of respiratory virus circulation in the United States (and globally) are typically limited to data collected by clinical labs from symptomatic individuals. This approach does not capture the impact of respiratory infections that are asymptomatic or associated with mild respiratory tract illness in immunocompetent children and adults. The largest such surveillance study of symptomatic HCoV patients, which was conducted in the U.S. from 1st July, 2014 through 30th June, 2017, contained the results of 854,575 HCoV rRT-PCR tests performed by 117 laboratories in 42 states. Overall, 2·2% were positive for HCoV-OC43, 1·0% for HCoV-NL63, 0·8% for HCoV-229E, and 0·6% for HCoV-HKU1 (Killerby et al., 2018). These data suggest that less than about 5% of symptomatic HCoV infections (colds) are likely to help build cross-immunity to SARS-CoV-2.

For a different perspective we turn to a unique, cross-sectional longitudinal study of individuals, both symptomatic and asymptomatic, that sought to identify changes in respiratory virus colonization before and after the 2013 Hajj, a 5- to 6-day religious pilgrimage to Mecca, Saudi Arabia (attended by more than 2 million people) (Memish et al., 2015). Pre- and post-Hajj nasal specimens were prospectively obtained from a paired cohort (692 pilgrims) and from nonpaired cohorts (514 arriving and 470 departing pilgrims) from 13 countries including the United States (8·4%) and countries in Africa (44·2%), Asia (40·2%), and Europe (7·2%). Nasal specimens were tested for 34 respiratory pathogens using RT-PCR. The prevalence of viruses increased from 7·4% before the Hajj to 45·4% after the Hajj, due to the acquisition of rhinoviruses, coronaviruses (229E, HKU1, OC43), and influenza A H1N1. Among the paired cohort, HCoV 229E infections increased from six to 101 (0·9%–14·6%; p < 0·001). Among the non-paired cohort, HCoV 229E infections increased from five to 48 (1·0%–10·2%; p < 0·001). These data, taken from both symptomatic and asymptomatic adults, show that HCoV 229E can, given the right conditions, spread extremely quickly in a short period of time. This supports the hypothesis that children, and potentially the adults with whom they live, are likely to have been exposed to HCoV strains that can elicit T-cells cross-reactive to SARS-CoV-2, perhaps leading to a clinically relevant easing of symptoms. However, acquiring the information needed to truly test the hypothesis, and make more informed decisions, necessitates the inclusion of data from both asymptomatic and symptomatic patients, SARS-CoV-2 databases, and surveillance systems.



Conclusion

It may be the case that seasonal HCoV colds have actually been, and will continue to be, one of our greatest allies in the fight against the current SARS-CoV-2 pandemic and possibly SARS-CoV-1 which surfaced in November 2002 (Feng et al., 2009).

Given other HCoVs are likely to provide levels of protection against SARS-CoV-2 via cross-reactive immune memory, it is important to maintain levels of immunity to the broader spectrum of HCoVs in the current environment. If the spread of other mild respiratory and HCoV-related infections in school is reduced from normal levels, what impact will this have on the normal transmission of the “common cold” between children and those with whom they reside, as well as the wider community? Could this lead to a reduction in the temporary buildup of cross-reactive T-cell responses to SARS-CoV-2 that could provide some vital protection in an older, higher risk population, particularly given the reduced level of T-cell diversity and loss of immunity to previous HCoV infections as individuals age? While speculative at this stage, it is possible that differential spread of respiratory viruses other than SARS-CoV-2 within the younger population could be beneficial for their older relatives.

Besides specialized research labs there is a limited ability to measure HCoV CD4+ and CD8+ T-cell responses to SARS-CoV-2 infection. This major knowledge gap currently impedes interpretation of COVID-19 disease pathogenesis, and the calibration of pandemic control measures including social distancing. Unfortunately, the data needed to demonstrate this is not available because current SARS-CoV-2 databases and surveillance systems do not include information about the people who might be benefitting from cross-reactive immune memory ie., those who are asymptomatic. Inclusion of this data could help paint a more accurate picture of the clinical course of the SARS-CoV-2 pandemic and enable better decision making.
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The immune response type organized against viral infection is determinant in the prognosis of some infections. This work has aimed to study Th polarization in acute COVID-19 and its possible association with the outcome through an observational prospective study. Fifty-eight COVID-19 patients were recruited in the Medicine Department of the hospital “12 de Octubre,” 55 patients remaining after losses to follow-up. Four groups were established according to maximum degree of disease progression. T-helper cell percentages and phenotypes, analyzed by flow cytometer, and serum cytokines levels, analyzed by Luminex, were evaluated when the microbiological diagnosis (acute phase) of the disease was obtained. Our study found a significant reduction of %Th1 and %Th17 cells with higher activated %Th2 cells in the COVID-19 patients compared with reference population. A higher percent of senescent Th2 cells was found in the patients who died than in those who survived. Senescent Th2 cell percentage was an independent risk factor for death (OR: 13.88) accompanied by the numbers of total lymphocytes (OR: 0.15) with an AUC of 0.879. COVID-19 patients showed a profile of pro-inflammatory serum cytokines compared to controls, with higher levels of IL-2, IL-6, IL-15, and IP-10. IL-10 and IL-13 were also elevated in patients compared to controls. Patients who did not survive presented significantly higher levels of IL-15 than those who recovered. No significant differences were observed according to disease progression groups. The study has shown that increased levels of IL-15 and a high Th2 response are associated with a fatal outcome of the disease.
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Introduction

Coronavirus disease 2019 (COVID-19) is an emergent condition caused by SARS-Cov2 infection that manifests with a wide spectrum of clinical profiles (Diao et al., 2020; Qin et al., 2020; Wang et al., 2020) and that presents a medical challenge due to its contagiousness rates (Guo et al., 2020; Rothan and Byrareddy, 2020). In general, COVID-19 begins as a mild disease with fever, cough, vomiting, myalgia, fatigue or diarrhea similar to those symptoms produced by a seasonally circulating common cold coronavirus. In many cases, the symptoms are so weak, even null, that the condition is not observed (Gao et al., 2020; Kim et al., 2020). However, some COVID-19 patients present lung involvement with severe pneumonia, pulmonary edema, acute distress respiratory syndrome (ARDS) and even death (2.5–7.2% of symptomatic patients) (Guan et al., 2020; Rothan and Byrareddy, 2020; Vardhana and Wolchok, 2020; Yang et al., 2020; Yuki et al., 2020). The disease severity has been associated with ageing and cardiovascular comorbidities (Huang W. et al., 2020; Hurwitz, 2020).

Among others parameters, mild and severe forms of the COVID-19 are characterized by a marked decrease in the total number of peripheral blood lymphocytes including T cells, both CD4+ and CD8+, B lymphocytes and Natural Killer (NK) cell (Song et al., 2020). It is interesting to note that T cells from severe patients present an effector, activated and senescent phenotype mainly associated with CD8+ cells (Vardhana and Wolchok, 2020). Furthermore, cytokine storm is the most life-threatening complication associated with COVID-19 (Schett et al., 2020; Buszko et al., 2020), characterized by a hyperactivated and pro-inflammatory state of the immune system. These features highlight the importance of the immune system response in the physiopathology of the disease (Chen and Wherry, 2020; Diao et al., 2020; Huang C. et al., 2020; Tan et al., 2020; Weiskopf et al., 2020; Vabret et al., 2020; Xu et al., 2020; Zheng et al., 2020; Zheng et al., 2020; Zhou et al., n.d).

The adaptive immune system, especially T cells, plays an important role against viral infections (Diao et al., 2020). T cell responses can mainly be polarized into effector cytotoxic cells (CTLs) and T helper (Th) cells (Mescher et al., 2006; Zhu et al., 2010). Th cells are subdivided into Th1, Th2, Th9, Th17 and follicular helper T cells (Tfh) subsets, each one having a characteristic function against infections (Alberts et al., 2002; Wan, 2010). Two major subtypes of Th cells coordinate responses to infection. One of them, the Th1 subset, coordinates the cell-mediated response, which is essential in macrophage, CTLs and NK activation via IL-2 and INF-gamma. Another one, the Th2 cells, which coordinates the humoral response, activates eosinophils, basophils and mast cells via IL4 and IL-6. In some infections, the type of Th lymphocytes that coordinates the immune response can condition the evolution of the clinical process. The polarization of the Th response will be determinant in the outcome of the disease (Mosmann and Sad, 1996; Infante-Duarte, 1999).

This phenomenon is well known in viral diseases such as lymphocytic choriomeningitis, where robust Th1 response is associated with a good prognosis (asymptomatic), whereas Th2 responses lead to anorexia and Wasting Syndrome (persistent viral load) (Kamperschroer et al., 2020). A similar situation is also observed in Human Immunodeficiency Virus (HIV) infection. Patients infected with HIV, who show a Th1 response, are seronegative and do not develop acquired immunodeficiency syndrome (AIDS), whereas Th2 patients become seropositive and evolve to AIDS (Clerici and Shearer, 1993; Mosmann and Sad, 1996; Calarota and Weiner, 2004).

The Th1/Th2 balance in COVID-19 has been associated with the outcome of the disease. When the viral infection is established, an appropriate immune response by Th1 is able to clear it discreetly. However, if this immune response is not well organized, an exacerbated reaction precedes the cytokine storm, priming Th2 cells that are linked to poor prognosis (Neidleman et al., 2020; Roncati et al., 2020). Thus, Th polarization seems to play an important role in determining COVID-19 severity, although it is still not totally understood.

This study has aimed to study the percentage and activation grade of Th subsets as well as the cytokine production in the acute moment of the COVID-19 and its association with outcomes.



Materials and Methods


Study Design

A prospective observational study that enrolled patients in the initial stages of COVID-19 in a Spanish tertiary university hospital was conducted. Peripheral blood lymphocyte immunophenotypes and cytokines levels were evaluated at the time of diagnosis. Patients were followed-up until discharge or death.



Patients

A random sample of 58 patients with suspicion of COVID-19 were sequentially enrolled in the emergency department of the Hospital Universitario 12 de Octubre (Madrid, Spain) during 2020. Inclusion criteria were 1) Adult patients (>18 years) with symptoms of COVID-19 infection 2) Clinical characteristics or radiological findings that required hospital admission 3) Confirmed diagnosis by RT-PCR or serologic test at any moment of the disease.

As three subjects were lost to the follow-up, finally, 55 patients were included in the study. A reference group of 21 anonymous healthy blood donors representing the general population was established to compare the Th subset.

In tandem, 15 patients with symptoms consistent with COVID-19 initial infection (fever, headache, and cough), but who were SARS-Cov2 RT-PCR negative were recruited in order to compare peripheral blood lymphocyte immunophenotypes with confirmed COVID-19 patients. This group was named “COVID-Like.” All the patients in this group had a benign evolution and none required admission to the Intensive Care Unit (ICU).

A new cytokine anonymous control group (obtained before the pandemic) was created with 94 blood donors (other than those in the reference group) in order to compare cytokine levels with the COVID-19 cohort.

The remaining 55 patients recruited in this study were divided into four groups according to their evolution and most critical event 1) Patients who died (Group-1, Death, N = 9), 2) Patients who were treated in ICU (Group-2, ICU, N = 7), 3) Patients with severe involvement who required immunomodulatory treatment (Group-3, Immunomodulators, N = 14) and 4) Patients with a benign course that did not require complex therapies (Group-4, Benign Course, N = 25) (Figure 1).




Figure 1 | Patient classification according to the most critical event during hospitalization. (A) G1-Hospitalized patients who died. (B) G2-Alive patients who ended up in ICU. (C) G3-Hospitalized patients with poor prognosis characteristics who needed immunomodulatory treatment. (D) G4-Hospitalized patients with mild symptoms who did not need immunomodulatory treatment.



Patients were also classified according to the worst SpO2/FiO2 (blood oxygen saturation/fractional inspired oxygen) during their disease into 1) Ventilatory failure, SpO2/FiO2<300. 2) Normal ventilation, SpO2/FiO2>300 (No ventilatory failure).

Diagnosis was made by RT-PCR in 73% of the patients using nasopharyngeal or oropharyngeal swabs as well as sputum samples. For those patients with a negative RT-PCR, the serologic diagnostic test against the spike and nucleocapsid protein was performed (27%) (Anti-SARS-Cov-2 ELISA (IgG/A) and Anti-NCP-SARS-Cov-2, (IgM/IgG) Euroimmun, Germany 2020, respectively).



Ethics Statement

This study was conducted in accordance with the principles of the Declaration of Helsinki and was approved by the Clinical Research Ethics Committee of the University Hospital 12 de Octubre (reference no. 20/167). Oral or written informed consent was obtained from all patients.



Study Definitions

    	COVID-19 case was defined as a person fulfilling both the clinical and laboratory criteria of COVID-19.

	COVID-19 laboratory criteria were a positive result for severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) according to reverse transcription polymerase chain reaction (RT-PCR) or serological assays, performed by nasal swab sampling and sera or plasma, respectively.





Data Collection

An anonymized database containing the patient data, including demographic, clinical and laboratory data from the electronic medical record, was created. Laboratory parameters included D-dimer, lactate dehydrogenase (LDH), C reactive protein (CRP), ferritin and the number of lymphocytes (lymphopenia was defined as total lymphocyte count of less than 0.85 × 109/liter).



Samples

Sera and EDTA-treated blood samples were collected in the first 24 h after hospitalization with a median of 7 days from the beginning of the symptoms before treatment.



Flow Cytometry

Peripheral blood mononuclear cells (PBMCs) were isolated from EDTA-treated whole blood samples by density gradient centrifugation using Lymphoprep ™ (Fresenius Kabi, Oslo, Norway).

Peripheral blood lymphocytes (PBL) were isolated and stained with the following fluorochrome-conjugated monoclonal antibodies: CD4-APC-H7, CXCR3-PE, CCR6-BB515, PD-1-PE-Cy7 and ICOS-BV450 (all from BD biosciences, San José, CA, USA)  (Mallett et al., 2019; Mousset et al., 2019). Acquisition of PBLs was performed with a FACS CANTO II flow cytometry (BDbiosciences) and analyzed with Flow-Jo software v10.6.2. Gating strategy is shown (Figure S1).

Cells CXCR3+/CCR6- gated from CD4 were considered Th1 cells, CXCR3-/CCR6+ cells were considered as Th17 and CXCR3-/CCR6- as Th2. Regarding the activation grade, cells PD-1-/ICOS- were considered as quiescent Th cells, PD-1-/ICOS+ cells as early-activated cells, PD-1+/ICOS+ as late activation markers and PD-1+/ICOS- as exhausted or senescent cells (Mallett et al., 2019).



Cytokine Profile Assay

Serum cytokine Th profile was determined by Human Cytokine Magnetic Bead Panel Kit (EMD Millipore Corporation) using a LABScan™ 100 Luminex. The results were analyzed with Luminex xPONENT42 softwarev3.1. Cytokines included were IL-2, IL-4, IL-6, IL-10, IL-12p70, IL-13, IL-15, INF-gamma, IP-10, MCP-1, and VEGFα.



Statistical Analysis

Results of qualitative variables were expressed as absolute frequency and percentage. Results of the scaled variables were expressed as median with interquartile range. Comparison between qualitative variables was evaluated with Pearson’s Chi-square test or Fisher’s exact test, when appropriate.

Comparison between scaled variables with two categories were performed using Mann-Whitney’s U test, whereas variables with more than two categories were analyzed using Kruskal-Wallis test.

The odds ratio was used to express the relative measure of an effect between a binary outcome variable and a predictor variable. Multivariate analysis was performed using logistic regression model. Significant results were considered with a p-value < 0.05.

Data were analyzed with MedCalc ® version 19.3 (MedCalc Software, Ostend, Belgium).




Results


Patient’s Characteristics

Median age of the COVID-19 cohort was 55 years (IQR: 44–75.25) with a higher proportion of males (67%). No significant age differences were found when COVID-19 patients were compared with the reference population (55 vs. 50, respectively, p = 0.195). Sex distribution was also analyzed between groups, no significant differences being found (Table 1).


Table 1 | Age and sex comparison between reference population and COVID-19 cohort.



COVID-19 patients were classified according to their most critical event during the evolution of the disease (Figure 1).

Deceased patients in COVID-19 group were significantly older than the reference population (p < 0.001) and COVID-19 survival patients (p < 0.001). No significant differences were observed in sex distribution (Table 1). Similarly, when laboratory parameters were compared among COVID-19 groups, the total number of lymphocytes were significantly depleted in deceased patients compared to survival patients (p = 0.014). The patients who died also presented a high rate of lymphopenia (p = 0.013) and higher D-dimer levels (p = 0.011). No significant differences were found regarding LDH concentration, CRP levels, ferritin, % RT-PCR or serology, and the development of ARDS (Table 2).


Table 2 | Laboratory parameters compared among COVID-19 groups show median and IQR.





Differences in Th Subsets Between Reference Population and COVID-19 Patients

When analyzing the differences in the Th subsets between in COVID-19 patients and controls, it was found that the percentage of CD4+ T lymphocytes with Th1 and Th17 phenotype was significantly reduced in the cells of COVID-19 patients (2.99% vs. 6.68%, p < 0.001 for Th1; and 3.41% vs. 6.95%, p = 0.012 for Th17).

Quiescent Th cells were analyzed when between COVID-19 patients and healthy controls. The percentages of quiescent Th1 cells (6% vs. 9.76% in controls, p = 0.007). Percentage of Th17 and Th2 tends to be reduced in COIVD-19 patients (10.1% vs. 13.2%, p = 0.19 for Th17; 21.3% vs. 35.9%, p = 0.111 for Th2).

The percentage of early-activated cells in the Th1 and Th17 subsets were reduced compared with healthy controls (0.65% vs. 1.17%, p = 0.026 for Th1; 0.8% vs. 1.19%, p = 0.091 for Th17). The percentage of Th17 was significantly depleted in COVID-19 patients versus controls (0.58% vs. 1.44%, p = 0.007) regarding the late activity phenotype. The activated status was augmented in Th2 subset (17.6% in COVID-19 patients vs. 1.31% in healthy controls, p = 0.004).

COVID-19 patients presented a reduced percentage of senescent Th2 cells compared to controls (4.7% vs. 11.5%, p < 0.001)

No significant differences were shown in Table S1.



Th Cell Subsets Imbalance According to the Disease Progression

After examining the Th cell subsets differences between COVID-19 patients and healthy controls, the COVID-19 groups were compared according to disease evolution. No significant differences in the percentage of Th1, Th2 or Th17 and activation grade were observed in the COVID-19 patient groups.

Deceased COVID-19 patients showed a lower percentage of quiescent Th1 cells compared to COVID-19 patients with a benign course of the disease (p = 0.016). Increased percentage of senescent Th1 cells tends to be associated with a benign course of the disease. However, higher proportions of senescent Th2 were associated with death (p = 0.009).

There were no significant results regarding total proportion of Th, the grade activation and the senescent status (Figure 2).




Figure 2 | Th distribution in COVID-19 patients according to the most critical event during disease. A–C) Total proportion of Th 1 (A). Th17 (B) and Th2 (C). (D, F) Proportion of quiescent Th1 (D), Th17 (E) and Th2 (F). (G–I) Proportion of early activated Th1 (G). Th17 (H) and Th2 (I). (J–L) Proportion of late activated Th1 (J), Th17 (K), and Th2 (L). (M–O) Proportion of senescent Th1 (M), Th17 (N), and Th2 (O). G1: Death; G2: Intensive Care Unit; G3: Immunomodulators; G4: Benign-Course. *. <0.05 **. <0.01 ns, not significant.





Differences in Th Subsets Between COVID-Like and COVID-19 Patients

Comparing the Th subsets between COVID-Like and COVID-19 patients, no significant differences were found in the total proportion of Th1, Th17, and Th2.

COVID-19 patients presented a significantly higher percentage of late-activated Th2 cells than COVID-19 patients (17.6% vs. 0.76%, p = 0.006). The result of this comparation is shown in Table S2. As can be seen in Figure 2, when the COVID-Like patients were compared with the four subgroups of COVID-19 patients, their similarity with the COVID patients with good progression (groups 3 and 4) stands out.



Death-Associated Factors

Th subsets were evaluated in relationship with mortality (Table 3). The two factors that conferred risk in the univariate analysis, that is, the total number of lymphocytes (p = 0.018) and the senescent Th2 percent (p = 0.021), were included in a multivariate analysis. The total number of lymphocytes (OR 0.15, 95% CI: 0.02–0.81, p = 0.027) and the higher senescent percentage of Th2 cells (OR: 13.88, 95% CI: 1.33–143.88, p = 0.027) behaved like independent and significant risk factors for death with an area under the ROC curve of 0.879 (95% CI: 0.760–0.952) (Table 3).


Table 3 | Univariate and multivariate analyses associated to death risk with all significant variables.





Cytokine Profiling

The cytokine serum profile was compared between COVID-19 patients and healthy controls. An increased expression of IL-2 (p < 0.001) and INF-gamma (p = 0.024) and a reduction of IL-12p70 (p < 0.001) in COVID-19 patients were observed regarding the Th1 cytokines. Regarding Th2 cytokines, COVID-19 patients showed higher levels of IL-6, IL-10 and IL-13, but lower levels of IL-4 (p < 0.001, for all of them). Other cytokines like IL-15 and IP-10 presented significantly increased levels in COVID-19 compared to healthy donors (p < 0.001, in both cases). No significant differences were observed in relationship to MCP-1 and VEGFα (Table S3).

Cytokine levels were studied according to the worst event during hospitalization, without any significant results among groups (Figure S3).

Patients who died presented significantly higher levels of IL-15: 9.65 pg/ml, IQR: 7.5–15.3 vs. 5.06 pg/ml, IQR: 2–8.18; (p = 0.036). A marked trend was observed when MCP-1, IL-6 and IL-10 were analyzed to describe which ones of the higher levels were associated to poorer evolution of the disease, but these differences did not achieve statistical significance (Table 4).


Table 4 | Cytokine profile differences in alive and deceased patients.






Discussion

We have demonstrated in this study that a Th1 coordinated immune response during the infection by SARS-CoV-2 associates with good prognosis and resolution of COVID-19. The type of Th response impacted the disease outcome, since 78% of patients who finally died had produced an overreactive Th2 response. The type of Th response has been demonstrated to be crucial for the resolution of the disease (Infante-Duarte, 1999; Spellberg and Edwards, 2001).

We have not been able to observe changes in activated cells because they are localized in tissues controlling the infection. On the other hand, those that have already ended their task abandon the tissue and migrate into the blood (Morris, 1998). The detection of senescent Th cells in blood could be an indicator of the type of the past immune response.

In intracellular M. tuberculosis infection, Bacillus Calmette-Guerin (BCG) vaccine promotes a Th1 response, protecting human beings from tuberculosis development. The utility of BCG vaccine has been studied in COVID-19 patients with very surprising results. Lower mortality and infective rates were observed in vaccinated patients, who produced Th1 responses (Ozdemir et al., 2020). Our study has highlighted the importance of Th1 hypoactivation and Th2 overreaction, with subsequent exhaustion, associated with poorer prognosis. A possible hypothesis to explain the severe forms of COVID-19 is that the Th2 responses prevail in those patients, producing an ineffective response to intracellular pathogens like viruses. However, contrary to other studies, which propose that a higher % of Th2 cells is associated with critical care and poor prognosis (Wei et al., 2020), we did not observe any differences when we analyzed the total % of Th1, Th2, and Th17 between the different clinical course of the disease. This finding could suggest that the activation grade could be a more important prognostic factor than the total percentage of each Th as we have observed that patients with a more benign course of the disease tend to present higher % of senescent Th1 cells as a consequence of their rapid activation. The absence of significance could be due to the small size of each group.

When we compared the patients with COVID-19 with the healthy controls, we found that the majority of the patients not only presented a general reduction in the total percentage of Th but also in their degree of activation. This clear reduction could be related to the common lymphopenia (Wang et al., 2020; Yang et al., 2020). We have observed that COVID-19 patients had an overactive Th2 response against the virus. Therefore, compared to COVID-like patients, COVID-19 patients also had an overactive Th2 response.

Observations from the COVID-Like group should be handled with caution. The World Health Organization has reported that in pandemic situations it is not possible to rule out that patients who have had symptoms similar to COVID and RT-PCR negative had the disease (WHO, 2020). It is possible that some patients in the COVID-Like group were seronegative COVID-19 patients with a mild form of the disease. In this way, it is worth highlighting the similarities observed between the patients in this group and the COVID-19 patients with good evolution.

The mortality rate described in COVID-19 is highly variable: from 2.2% to 15% in some studies (Cao et al., 2020; Chen et al., 2020; Huang C. et al., 2020; Rothan and Byrareddy, 2020; Wang et al., 2020). The factors associated with high mortality in COVID-19 are only partially known (obesity, age, previous illnesses, etc.) (Wolff et al., 2020; Zheng et al., 2020).

Our results have shown that total number of lymphocytes and higher exhausted Th2 are independent risk factors for death. Our findings are consistent with that previously described in SARS-Cov (Li et al., 2008; Vabret et al., 2020). Lymphopenia was an important finding as similar results were observed in SARS-Cov and MERS-Cov (Peiris et al., 2003; Wong et al., 2003; Erickson et al., 2013; Ko et al., 2016; Min et al., 2016). The presence of higher exhausted Th2 suggests an over-activation with the consequent exhaustion, a phenomenon that has been observed in CD8+ cell. All this activation is driven by rapid viral replication and its exposure to lymphocytes (Ko et al., 2016; Min et al., 2016). Th2 hyperactivation could explain why severe patients have higher antibody titers than mild or asymptomatic patients, as their cytokines stimulate antibody production (Spellberg and Edwards, 2001).

We have observed that the SARS-Cov2 infection is characterized by a pro-inflammatory environment with increased levels of IL-2, IL-6, IL-15, IP-10, and INF-gamma. As described previously, cytokines are important for the clearance of respiratory infections (Kimura et al., 2013).

Our results have shown that patients with a poor prognosis present a Th cytokine profile associated with changes in the inflammatory status, as previously described (Lucas et al., 2020), with a slight increase in the expression of IL-6, IL-10, MCP-1, and INF-gamma and a marked increase of IL-15.

High levels of these cytokines have been reported in publications to be related with a worse respiratory status (Vabret et al., 2020; Yao et al., 2020). It has also been described that critical respiratory manifestations have correlated with high levels of IL-6 and IL-15, this being an important predictor of disease progression (Leahy et al., 2016; Rocio et al., 2020). High levels of IL-6, MCP-1 and IL-15 correlated to poor prognosis in SARS-Cov and MERS-Cov infections, acting as hypercytokinemia and systemic syndrome predictors, have also been reported (Wang et al., 2004; Wong et al., 2004; Zhang et al., 2004; Li et al., 2020). Another factor which could help to understand Th imbalance in COVID-19 is IL-10, a potent inhibitor of IL-12 and Th1 response. The significance of the presence of IL10 in COVID-19 patients has been extensively described in the literature, this suggesting that IL-10 could discriminate disease progression (Gong et al., 2020; Zhou et al., 2020).

IL-15 is a cytokine secreted by different cell types like endothelial cells, respiratory epithelium or neurons. It matures in macrophages and dendritic cells and plays a pleiotropic role in innate and adaptive immunity. Similarly to IL-2, IL-15 is a very important molecule in NK and T lymphocyte activation and proliferation like IL-2 (Perera et al., 2012). Activated T cell recruitment and contraction in inflammatory tissues, enriched with antigenic molecules, is a crucial event in the immune response, which principally depends on antigenic presentation by endothelial cells from swollen vessels (Ward et al., 2017). IL-15 has been identified as an important mediator in T cell and NK migration to infected tissue, due to IL-15 improves LFA-1/ICAM-1 binding affinity in endothelial cells (Oppenheimer-marks et al., 1998). We hypothesize that its elevation is due to an additional effort of the immune system in T lymphocyte activation in an alternate way, as a compensatory mechanism to substitute an inefficient Th1 response.

Nowadays, there is extensive state of the art knowledge regarding the causes of lymphopenia. Some authors have stated that lymphopenia is caused by direct infection of lymphocyte, as they express ACE2 in their surface (Xu et al., 2020). Another hypothesis states that the immune system hyperactivation could lead to lymphocyte apoptosis by inflammatory cytokines (Liao et al., 2002; Sähr et al., 2015). On the other hand, other publications support the idea that immune system dysregulation in COVID-19 leads to a “cytokine storm,” suggesting a polyclonal activation of T lymphocytes, possibly associated to superantigens (Cossarizza, 1997). Others have reported that the lymphopenia associated with COVID-19 could be a consequence of pulmonary recruitment and entrapment of lymphocytes, due to modification of adhesion molecules (CD44, LFA-1 and ICAM-1) (Morris, 1998; Bohn et al., 2020). Recently, Roncati et al. published that SARS-Cov2 is able to infect lymphocytes via dipeptidyl peptidase-4 (DPP-4) receptor, which is overexpressed in Th1 lymphocyte rather in Th2 (Willheim et al., 1997; Annunziato et al., 1998; Sakata-Kaneko et al., 2000). This finding could support our results as we have observed that COVID-19 patients have reduced total %Th1 compared with healthy controls. Moreover, the total %Th2 was slightly higher in COVID-19 patients.

When a Th effector response is polarized to Th2, antibody production is not only stimulated but the cell-mediated immunity is also suppressed (Kaiko et al., 2007). This fact is very important regarding the treatment that patients receive. In many cases, glucocorticoids are chosen as a treatment of choice in this novel condition, but they are a double-edged sword as they act as immunosuppressant reducing IL-2, which is essential for Th1 responses, where only Th2 are able to proliferate (Krakauer, 1995; Larsson and Linden, 1998; Ramírez et al., 1998; Vieira et al., 1998; Franchimont et al., 2000), this severely affecting the patients.

Recently, some authors have proposed that patients susceptible to severe lung pathology in COVID-19 may have the highest Th17. This response could be promoted by IL-6 and may be accompanied by eosinophilia. In our patients, Th17 was significantly reduced compared to controls, but no differences were found according to clinical presentations of the disease (Hotez et al., 2020; Wu and Yang, 2020).

Several limitations exist in this study. First of all, it is limited by the reduced sample size of our study so that these markers not only need to be evaluated in a larger cohort but also further independent studies are needed to validate our results. Secondly, in order to perform a multivariate analysis, due to the few events that were of interest in this study, the univariate and multivariate evaluation could not be carried out with raw data, thus requiring each variable to be transformed into ranges by histogram of frequency analysis (Table S4). Another limitation is that we studied the cytokine profile of each patient in sera but not in cell culture and we have not studied antibody titration to examine its association to prognosis. Finally, using blood donors is a disadvantage regarding age as severe forms of the disease usually affect patients older than 65 in whom blood donation is not recommended.

In summary, although Th1/Th2 imbalance related to poor prognosis is well known in infections of different etiology, much remains to be known in COVID-19 patients. At present, most of the effects are directed toward reducing an exacerbated inflammatory response. Therefore, the search for new therapies, which redirect Th2 responses to Th1, may tip the scale toward less severe forms of the disease.
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The novel coronavirus SARS-CoV-2 (causing the disease COVID-19) has caused a highly transmissible and ongoing pandemic worldwide. Due to its rapid development, next-generation sequencing plays vital roles in many aspects. Here, we summarize the current knowledge on the origin and human transmission of SARS-CoV-2 based on NGS analysis. The ACE2 expression levels in various human tissues and relevant cells were compared to provide insights into the mechanism of SAS-CoV-2 infection. Gut microbiota dysbiosis observed by metagenome sequencing and the immunogenetics of COVID-19 patients according to single-cell sequencing analysis were also highlighted. Overall, the application of these sequencing techniques could be meaningful for finding novel intermediate SARS-CoV-2 hosts to block interspecies transmission. This information will further benefit SARS-CoV-2 diagnostic development and new therapeutic target discovery. The extensive application of NGS will provide powerful support for our fight against future public health emergencies.
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Introduction

In the end of 2019, the Chinese population was infected with a novel coronavirus, SARS coronavirus 2 (SARS-CoV-2, causing the disease COVID-19), which was identified from sequence-based analysis of isolates from the patients (Cui et al., 2019a). SARS-CoV-2 is the seventh known coronavirus that infects humans (Dallavilla et al., 2020). Phylogenetic analysis showed that SARS-CoV-2 belongs to the Sarbecovirus subtype of Betacoronavirus (Zhou et al., 2020b). SARS-CoV-2 uses angiotension-converting enzyme 2 (ACE2) as a receptor and primarily infects ciliated bronchial epithelial cells and type II pneumocytes (Kuhn et al., 2004). It has infected 78,939,299 individuals, with a mortality rate of 2.2%, across 109 countries as of the date 2020/12/24 (Supplementary Figure 1). The outbreaks of novel pneumonia add to evidence of the COVID-19 epidemic steadily growing by human-to-human transmission (Fang et al., 2020a). COVID-19 has very important clinical manifestations, such as high rates of transmission and mild to moderate clinical features, especially with more serious abnormalities found in the elderly (Yuen et al., 2020). Infected patients present with respiratory symptoms, such as fever, dry cough, and even dyspnea, as well as sometimes with digestive and other systemic manifestations, and some progress with severe acute respiratory syndrome or even death (Liu et al., 2020b).

The COVID-19 epidemic was declared a public health emergency of international concern. Since the outbreak of COVID-19, there has been considerable discussion on the origin and human-to-human transmission of the causative virus. Interestingly, ACE2 receptors are also reported to be expressed in the kidney and gastrointestinal tract, tissues known to harbor SARS-CoV (Harmer et al., 2002; Leung et al., 2003). Reports also suggest that SARS-CoV-2 RNA can be detected in the stool of some patients with COVID-19 (Wu et al., 2020b). Thus, there is the distinct possibility of involvement of the lung-gut axis caused by the gut microbiota, which is supported by the fact that some COVID-19 patients have diarrhea. A total of 273,606 new coronavirus-related genome sequences has been uploaded to the EpiFlu™ database (belong to GISAID) worldwide as of 22nd December, 2020. Notably, next-generation sequencing (NGS) has been applied to the study of COVID-19 and has greatly promoted SARS-CoV-2 origin tracing. It is critical to explore the potential origins and mechanism of SARS-CoV-2 to control the spread of COVID-19 and further improve the therapeutic regimen.



Next-Generation Sequencing Promotes SARS-CoV-2 Origin Tracing

NGS plays an important role in finding the origin and intermediate host of SARS-CoV-2. Hundreds of coronaviruses and SARS-CoV-2 genomes which were determined with NGS are publicly available for researchers to study the origin of SARS-CoV-2 (Woo et al., 2010; Zhou et al., 2020e). A small number of people speculate that SARS-CoV-2 may be man-made, but there is probably no basis for speculation about artificial SARS-CoV-2 (Dallavilla et al., 2020). Kristian G Andersen et al. clearly showed that SARS-CoV-2 is not a laboratory structure or a deliberately manipulated virus (Andersen et al., 2020). In addition, two notable genomic features of SARS-CoV-2 were identified by NGS (Figure 1B): Spike protein contains two subunits, S1 and S2, whose boundary position is at 685/686 of the amino acid sequence. S1 mainly contains receptor binding domain (RBD), which is responsible for the recognition of cell receptors. S2 contains the basic elements required for membrane fusion. The RBD in the spike protein is the most variable part of the coronavirus genome. Six RBD amino acids have been shown to be critical for binding to ACE2 receptors and for defining the host range of SARS-CoV-like viruses (Wan et al., 2020); additionally, the spike protein of SARS-CoV-2 inserts 12 nucleotides with a functional multibase (furin) cleavage site (RRAR) at the S1-S2 boundary, which also leads to the expected three O-linked glycans around the site (Andersen et al., 2020).




Figure 1 | Conjectures on the origin of SARS-CoV-2. (A) The discovery of the potential animal origin of SARS-CoV-2 at different times, such as Bat-2020.01.29 (Lu et al., 2020a), Bat-2020.02.03 (Zhou et al., 2020e), Bat-2020.02.03 (Zhang et al., 2020b), Pangolin-2020.03.19 (Zhang et al., 2020c), Pangolin-2020.03.26 (Lam et al., 2020), Recombination of bats and pangolin coronavirus-2020.05.07 (Xiao et al., 2020), Pangolin-2020.05.14 (Liu et al., 2020b), Bat-2020.06.08 (Zhou et al., 2020b), Recombination of bats and pangolin coronavirus-2020.07.01 (Li et al., 2020c). (B) Features of the spike protein in human SARS-CoV-2 and related coronaviruses. Key residues in the spike protein that make contact with the ACE2 receptor are marked with blue boxes. Both the polybasic cleavage site and the three adjacent predicted O-linked glycans are unique to SARS-CoV-2. The six key RBD amino acids are indicated by red. (C) Nucleotide sequence identity and protein sequence identity among the whole genome including S gene (indicated by brackets) of some representative coronaviruses with SARS-CoV-2 (D) Three conjectures about the origin of SARS-CoV-2. i) SARS-CoV-2 originated in bats, ii) pangolins, and iii) via recombination events during the evolution of different animal coronaviruses.



During 2020.01.29-2020.02.03, Lu et al. performed NGS of bronchoalveolar lavage fluid samples (n=9) (Lu et al., 2020a). Zhou et al. used NGS to obtain the viruses from seven patients with severe pneumonia and carried out full-length sequencing on an RNA sample of Rhinolophus affinis (Global Initiative on Sharing All Influenza Data, GISAID). The metagenomic analysis of the bat sample (Rhinolophus affinis) showed that the most closely related virus to SARS-CoV-2 is RaTG13, with an identity of 96.2% (Figure 1) (Zhou et al., 2020e). Similarly, Zhang et al’s phylogenomic analysis of the released genomic data of 27 isolates of SARS-CoV-2 showed that bat coronavirus and SARS-CoV-2 probably have a common ancestor (Hu et al., 2018). SARS-CoV-2 was first isolated from street vendors selling wild animals and mammals (Zhang et al., 2020b). On 2020.06.08, Zhou et al. reported a coronavirus named RmYN02 (identified from a metagenomic analysis of 227 bats) have 93.3% nucleotide identity with SARS-CoV-2 in the complete genome. However, RmYN02 has a low sequence identity with SARS-CoV-2 in the RBD (61.3%) (Zhou et al., 2020b). All these studies indicated that SARS-CoV-2 may have originated from bats.

During 2020.03–2020.05, Zhang et al. used reference genome of the Manis javanica (SRA), SARS-CoV-2, Bat-CoV-RaTG13 (NGDC), and 2,845 coronavirus from ViPR for genome analysis. In terms of sequence identity, in addition to Bat-CoV-RaTG13, Pangolin-CoV-2020 is the coronavirus most closely related to SARS-CoV-2 (Figure 1C). Because the six RBD amino acids residues (L, F, Q, S, N, and Y, Figure 1B) on the S1 protein of Pangolin-CoV-2020 are exactly the same as those of SARS-CoV-2 ((Wan et al., 2020), Receptor Recognition by the Novel Coronavirus from Wuhan: an Analysis Based on Decade-Long Structural Studies of SARS Coronavirus), while Bat-CoV-RaTG13 has only one amino acid residue that is the same as on the six RBD residues in SARS-CoV-2. Thus, they proposed that the pangolin is more likely than the bat to be the origin of SARS-CoV-2. However, Pangolin-CoV-2020 and Bat-CoV-RaTG13 have lost the key polybasic cleavage site (RRAR) at the junction of S1 and S2 (Figure 1B), the two subunits of the spike of SARS-CoV-2 (Zhang et al., 2020c). Furthermore, a similar debatable conclusion was also obtained (Liu et al., 2020b). In addition, NGS of frozen tissues (lungs, intestine, and blood) collected from 18 Malayan pangolins (Manis javanica) identified pangolin-associated coronaviruses as belonging to two SARS-CoV-2-associated coronavirus sublines, one of which has a strong similarity to SARS-CoV-2 in the RBD (Lam et al., 2020). These discoveries only suggest that pangolins may be the origin of SARS-CoV-2-like viruses.

During 2020.05–2020.07, Xiao et al. identified 34 highly related contigs in a set of pangolin viral metagenomes based on BLAST results. Subsequently, metagenomic sequencing of the lung tissue of four Chinese pangolins (Manis pentadactyla) and 25 Malayan pangolins (Manis javanica) showed surprising results. The sequence identity of the Pangolin-CoV genome, comparing with SARS-CoV-2 and Bat SARS-related (SARSr-CoV) RaTG13 is 80%–98% excluding the S gene, while the identity is 80%–91% including the S gene. Further comparison and analysis of the S gene revealed that these genomes may have undergone recombination events. For example, Pangolin-CoV is more similar to Bat SARSr-CoV ZXC21 and Bat SARSr-CoV ZC45 in the region of nucleotides 1-914, while in the remaining part, it is more similar to SARS-CoV-2-like and Bat-CoV-RaTG13. According to the existing genome comparison, SARS-CoV-2 may have originated from the recombination of Pangolin-CoV-like viruses and Bat-CoV-RaTG13-like viruses (Xiao et al., 2020). Liu et al. also obtained similar results showing that a recombination event could have occurred during the evolution of these coronaviruses (Liu et al., 2020c). Li et al. analyzed 43 complete coronavirus genome sequences (Li et al., 2020c), including coronaviruses from bats, pangolins and humans. Their study showed that the currently sampled pangolin coronaviruses are unlikely to be precursors of SARS-CoV-2, but these sequences contain the receptor-binding motif most likely to bind to human ACE2. Excluding S genes, SARS-CoV-2 has the greatest genetic similarity with RaTG13. In addition, researchers found recombination fracture sites before and after the ACE2 RBD in SARS-CoV-2. Therefore, they think that SARS-CoV-2 was produced by the selection and recombination of bat and pangolin coronaviruses.

Recently, the SARS-CoV-2 epidemic broke out in a newly developed market in Beijing. Relevant agencies have detected SARS-CoV-2 in the cutting board of imported salmon. Researchers discovered 3 new viruses in wild and farmed salmon in September 2019 by metatranscriptomic sequencing of dead and moribund cultured Chinook salmon (Mordecai et al., 2019). We analyzed the nucleotide sequences of SARS-CoV-2 (NCBI, GenBank: MN908947.3) and Pacific salmon nidovirus (PsNV, GenBank: MK611985.1), one from the three new viruses, and found only 22%–35% identity in partial protein sequence (Supplementary Table 1), and PsNV does not have key amino acid residues similar to the SARS-CoV-2 spike protein, which can bind to human ACE2. Therefore, the possibility that salmon is the origin or intermediate host of SARS-CoV-2 is low based on the genome data obtained by NGS. This result further supports the evidence that SARS-CoV-2 infects only mammals since it belongs to the Coronaviridae family, Betacoronavirus (Cui et al., 2019a).

Using NGS technology, the genome sequence information of unknown viruses can be obtained for the first time. This information provides the possibility to quickly trace the potential origin of novel SARS-CoV-2, which is vital to blocking interspecies transmission. However, this method is limited by the number of known sequences. At present, scientists and researchers upload whole genomic sequences of SARS-CoV-2 at GISAID EpiFlu™, and the number of genomes is still increasing. It may take time due to the massive diversity and evolution of the virus. We still believe that NGS technology will greatly promote the process of tracing the origin of SARS-CoV-2.



Next-Generation Sequencing Promotes Tracing Interpersonal Transmission of SARS-CoV-2

SARS-CoV-2 is a positive-sense RNA virus belonging to the genus Betacoronavirus. Recent genotyping analysis of the SARS-CoV-2 population revealed a high frequency of mutations in various essential genes encoding S protein, N protein, and RNA polymerase (Yin, 2020). SARS-Cov-2 may first indirectly control mitochondria through ACE2 regulation of mitochondrial function. Once the virus enters the host cell, open reading frame (ORF) (e.g., ORF-9B) can directly manipulate mitochondrial function to evade the immune function of host cells and promote viral replication, causing COVID-19 disease (Singh et al., 2020). The evolutionary pattern of SARS-CoV-2 with highly frequent mutations can be observed in a short time using NGS. The monitoring of SARS-CoV-2’s evolutionary patterns and spread dynamics by genome sequencing is essential for controlling and preventing COVID-19. High-resolution genomic epidemiology has become an effective tool for public health surveillance and disease control, and the large number of the real-time genome sequencing efforts for SARS-CoV-2 were triggered by the current COVID-19 pandemic (Sintchenko et al., 2009; Gardy and Loman, 2018; Grubaugh et al., 2019b). Analysis of the genetic sequence data of the pandemic SARS-CoV-2 can provide insights into the origin of the epidemic, global transmission, and epidemiological history.

The outbreak of COVID-19 started in mid-December 2019 in Wuhan, China, and rapidly spread throughout China. The haplotype evolution network can be utilized for recovering the direction of human-to-human transmission in a local area and spread in a larger area. A study conducted metagenomic NGS on 10 samples from COVID-19 patients in Hubei. Ten newly sequenced SARS-CoV-2 genomes and 136 genomes from the GISAID database were classified as 58 haplotypes. The network indicated that virus samples corresponding to the original haplotype found in patients living near the Huanan Seafood Wholesale Market. Although the patients had a high probability of subconscious contact with the market, it is impossible to draw a conclusion based on this clue regarding whether the market is the origin center of SARS-CoV-2. Among them, 16 genomes from the Huanan Seafood Wholesale Market were assigned to 10 haplotypes, indicating that the market experienced a circulating infection in the short term, which caused the outbreak of SARS-CoV-2 in Wuhan and other regions (Fang et al., 2020a).

Using both metagenomic sequencing and tiling amplicon approaches, viral genome sequences were generated from 53 patients in Guangdong. Combined genomic data and epidemiological data showed that the SARS-CoV-2 sequences in Guangdong Province are interspersed with virus clades from other provinces in China and other countries, indicating that most of the detected cases are related to travel, not local communities. Following the discovery of the first COVID-19 case in early January, most infections were attributed to viruses imported from elsewhere. The size and duration of the local transmission chain is limited (Lu et al., 2020a).

Since the emergence of COVID-19 in Asia at the end of last year, the disease has spread to all continents except Antarctica (Rodriguez-Morales et al., 2020). To reveal the source of SARS-CoV-2 introduction and the patterns of transmission in the United States, Fauver et al. sequenced the nine viral genomes of patients with COVID-19 reported early in Connecticut using the amplicon sequencing approach ‘‘PrimalSeq” (Grubaugh et al., 2019a), using ‘‘genomic epidemiology’’ to identify the likely sources of SARS-CoV-2 in Connecticut. The combined results of genomic epidemiology and travel pattern analysis indicated that family transmission has become an important source of new SARS-CoV-2 infection. The outbreak on the east coast (Connecticut) is related to the outbreak on the west coast (Washington), which indicates that transcontinental transmission has already occurred.

To investigate the genomic epidemiology and genetic diversity of SARS-CoV-2 in Northern California, 29 samples from patients diagnosed with COVID-19 infection were collected for whole-genome sequencing. Phylogenetic analysis showed that there are at least eight different SARS-CoV-2 lineages, indicating that the virus has been independently introduced into the state many times. To date, the cryptic transmission of SARS-CoV-2 in Northern California has been characterized by multiple transmission chains, whose origin is a unique introduction from international and interstate travel, rather than the widespread community transmission of a single main lineage (Deng et al., 2020).

To prospectively monitor the spread of incidents in New South Wales, Australia, SARS-CoV-2 was extracted from 209 patients diagnosed with COVID-19 infection for whole-genome sequencing from January 2020 to March 2020. Computational agent-based modeling and high-resolution SARS-CoV-2 genome surveillance were used to understand the evolution of this novel virus strain and the local transmission chain in the community. The 209 New South Wales SARS-CoV-2 genomes are scattered throughout the global SARS-CoV-2 phylogeny. Most genomes from imported New South Wales cases grouped with viral sequences from the origin country. The major genomic lineage is dominated by genomes from Australia, which are considered to be imported from Iran (Rockett et al., 2020).

A study collected genome data of 93 SARS-CoV-2 isolates covering 12 countries on 4 continents from the GISAID EpiFluTM database (access date 12 February 2020). All the genomes were classified as 58 haplotypes (H1~H58). The results showed that H13 and H38 are the ancestral haplotypes of SARS-CoV-2. The virus samples corresponding to these two haplotypes were from patients from Shenzhen (the first case in Guangdong) and patients from Washington state (the first case in the United States). The potentially specific directions of human-to-human transmission were recovered by this approach, such as in the England family (H28 → H29), Shenzhen family (H13 → H14), Queensland tour group (H25 → H26), and Japanese group (H53 → H52). Phylogenetic network analysis showed that the source of SARS-CoV-2 in the Huanan Seafood Wholesale Market was imported from elsewhere (Yu et al., 2020).

Phylogenetics is very important to solve various biological problems, such as the relationship between species or genes, the origin and spread of viral infections, and the demographic changes and migration patterns of species (Avise and Wollenberg, 1997; Grenfell et al., 2004; Li and Durbin, 2011). The NGS technology and the rapid accumulation of genome sequence data have made phylogeny an indispensable tool for all branches of biology (Yang and Rannala, 2012). Phylogenetic network analysis of 160 complete SARS-CoV-2 genome sequences collected from around the world from December 24, 2019 to March 4, 2020 revealed that there are three distinct but closely related variants of SARS-CoV-2 called A, B, and C (Figure 2). Based on the bat outgroup coronavirus, A is an ancestral type. Data analysis found that the first type A virus was from an American individual living in Wuhan. At the same time, the type A virus itself was also detected in a large number of infected people in the United States and Australia, but surprisingly, type A is not the main type of virus in Wuhan city. The main virus type of patients in Wuhan is type B, and it has infected patients throughout East Asia. Type B virus is immunologically or environmentally suitable for most populations in East Asia, and if there is no further mutation, it will not spread much outside the region. People in Wuhan also exhibited type A infection, and the earliest cases were in American individuals. Type C virus is the main European type and was found in early patients from France, Italy, Sweden, and the United Kingdom. Type C virus did not appear in the Chinese patient samples in the study, but it was found in Singapore, Hong Kong, and South Korea (Forster et al., 2020).




Figure 2 | The distribution of SARS-CoV-2 A\B\C types in some countries worldwide. The data were collected from 2019.12.24 to 2020.03.04. The type A was indicated by red; type B was indicated by green; and type C was indicated by green.



The use of NGS technology has become a widely accepted method for outbreak tracking and genomic epidemiology in molecular typing in microbiology laboratories. Detecting new mutations in SARS-CoV-2 allows researchers to reconstruct unknown routes of infection and provide a molecular basis for SARS-CoV-2 vaccine design, drug discovery, and diagnostic development, which is a key technology in genomic epidemiology (Lourenco et al., 2020). Monitoring the SARS-CoV-2 genome helps to achieve a more effective COVID-19 control strategy and to investigate cases with unclear sources of infection within a short turnaround time (Sintchenko and Holmes, 2015; Deng et al., 2020; Lu et al., 2020a; Lu et al., 2020b). The international sharing of SARS-CoV-2 genomic data collected by researchers and public health microbiology service providers enhances the power of such surveillance (Dos et al., 2018; Hadfield et al., 2018).



SARS-CoV-2-Susceptible Organs With High Expression of ACE2 Determined by Next-Generation Sequencing

Over the past years, RNA sequencing technology has achieved dynamic improvement of genomes, including DNA and RNA quantitative and qualitative changes, which were widely applied into various genomic measurements especially transcriptomics studies (Consortium et al., 2007). However, ordinary RNA-seq was also confronted with several challenges including limited sequencing depth for low-abundance transcripts and ineffaceable influence of interferential cells’ gene expression in tissues (Levin et al., 2009). Similar to the process of RNA-seq, scRNA-seq also have to undergo some required steps including RNA extraction, transcription into first-strand cDNA, second-strand synthesis, and cDNA amplification (Islam et al., 2014). Moreover, through preliminary single-cell extraction, scRNA-seq could overcome the influence of heterogeneous cells expression in tissues and accomplish various analysis including cell type identification, cell trajectory inference, cell hierarchy reconstruction, and other potential applications (Hwang et al., 2018). Hence, NGS technology could be applied to identify relative gene expression and detect special cell type in various diseases.

NGS technology was applied at either the molecular or protein level to further investigate the mechanism of SAS-CoV-2 infection. Only when bound to cell surface receptors can the virus enter the target cells for further replication, which is the prerequisite of coronavirus infection (Li, 2016). ACE2 is a cell surface protein that is expressed in the heart, blood vessels, kidney, and especially lung type II alveolar (AT2) epithelial cells (Richardson et al., 2020a). Two teams independently reported the discovery that ACE2 could serve as the receptor for SAS-CoV-2 (Xu et al., 2020b; Zhou et al., 2020d). Furthermore, SARS-CoV-2 could enhance infection by exploiting species-specific interferon-driven upregulation of ACE2 (Ziegler et al., 2020). Therefore, the different organs, tissues and cells with high ACE2 expression are considered targets with potential high infection risk for SARS-CoV-2. In Figure 3A, the mechanism for the binding of ACE2 and SARS-CoV-2 through spike protein, assisted by TMPRSS2, was clearly studied by massive researches (Hoffmann et al., 2020).




Figure 3 | (A) Schematic chart showing the mechanism of SARS-CoV-2 binding to the ACE2 receptor, assisted by TMPRSS2. (B) The human figure displays different expression levels of ACE2 in different organs. (C) The cell maps show different susceptible cells of different susceptible organs during SARS-CoV-2 infection. (D) The box diagram showing the different expression of TMPRSS2 in different human tissues.



Specific comorbidities were found to increase the risk of infection with worse lung injury and death in COVID-19 and hypertension, obesity, and diabetes were identified as the most common comorbidities in COVID-19 according to a clinical research of 5,700 patients in the New York City Area (Richardson et al., 2020b). Moreover, the expression imbalance of ACE2 was found significantly associated with multiple comorbidities in COVID-19. A Mendelian randomization analysis revealed the high-expression level of ACE2 was causally associated with diabetes, which might interpret the high risk to COVID-19 in diabetic patients (Rao et al., 2020). In addition, Sammy et al. identified higher expression of ACE2 in visceral and subcutaneous adipose tissue than that in lung tissues, providing with a possible interpretation for susceptibility of infection in obese patients (Al-Benna, 2020). In China, about 23% of hypertensive COVID-19 patients were reported with 6% case fatality rate (Ma et al., 2020) and hypotensors, especially ACE2 inhibitors, and angiotensin receptor blockers (ARBs), were frequently used to control the levels of blood pressure, which also upregulated the expression of ACE2 receptor and leaded to increasing susceptibility to SARS-CoV-2 infection (Fang et al., 2020b). Further, other common comorbidities including chronic obstructive pulmonary disease (COPD), asthma, and cardiovascular disease (CVD) were also found more severe symptom and prognosis in COVID-19 with high expression of ACE2 (Contoli et al., 2006; Shi et al., 2020; Wan et al., 2020). Here, we summarize the expression features of ACE2 in the respiratory, cardiovascular, digestive, urinary, and reproductive systems through RNA sequencing (RNA-seq) and single-cell RNA sequencing (scRNA-seq) to investigate susceptibility to COVID-19.

Respiratory symptoms are usually the initial clinical presentation of COVID-19, including fever, chest pain, shortness of breath, dry cough, and fatigue, suggesting that the respiratory system is the most common target organ of SARS-CoV-2 infection (Ge et al., 2020; Zhou et al., 2020c). A previous study investigated the mRNA and protein expression of ACE2 from different human tissues by RT-qPCR and immunohistochemistry and found that ACE2 was concentrated in lung alveolar epithelial cells and enterocytes of the small intestine (Harmer et al., 2002; Hamming et al., 2004). Moreover, Xin Zou et al. analyzed scRNA-seq datasets of the human respiratory system, including the nasal mucosa, respiratory track, and bronchus, using lung tissues and airway epithelial cells. Lung ACE2 was further identified to be highly expressed in AT2 and respiratory epithelial cells, while nasal and bronchial cells showed low ACE2 expression (Zou et al., 2020). Zhao’s study also found that ACE2 expression in AT2 cells significantly upregulated other genes relevant to viral reproduction and transmission through scRNA-seq (Zhao et al., 2020). Furthermore, lung type II pneumocytes and nasal goblet secretory cells were identified as ACE2 and TMPRSS2-coexpressing cells in both humans and nonhuman primates via scRNA-seq analysis. Based on the above studies, AT2, respiratory epithelial, and nasal goblet secretory cells with high expression of ACE2 based on NGS technology probably have a high SARS-CoV-2 infection risk.

Xin Zou et al. investigated scRNA-seq datasets from the esophagus, stomach, ileum, and liver and found extremely high ACE2 expression in epithelial cells of the ileal esophagus, which is consistent with the results of histopathology and immunohistochemical staining by (Hamming et al., 2004; Zou et al., 2020). Moreover, the distribution of ACE in the digestive system was systematically analyzed via scRNA-seq from surgically resected digestive organs tissues in Xu’s study (Zhang et al., 2020a). High-level expression of ACE2 was identified not only in upper and stratified epithelial cells of the esophagus but also in absorptive enterocytes from the ileum and colon, consistent with previous studies (Hamming et al., 2004). Regarding other organs of the digestive system, it was reported by Liu et al. that the mRNA level of ACE2 was higher in the pancreas than in the lung and that ACE2 was expressed in both the exocrine glands and islets via scRNA-seq (Liu et al., 2020a). In addition, scRNA-seq analysis was also applied to identify specific ACE2 expression in cholangiocytes rather than hepatocytes, suggesting that liver abnormalities might be caused by cholangiocyte dysfunction (Chai et al., 2020). All these studies identified the specific cellular susceptibility to SARS-CoV-2 infection in the digestive system according to NGS and scRNA-seq technology, especially in esophageal upper and stratified epithelial cells, absorptive enterocytes from the ileum and colon, exocrine glands, islets, and cholangiocytes.

It has been reported that patients with SARS-CoV-2 infection have a high proportion of acute and chronic cardiac injury, based on clinical studies (Wu et al., 2020a; Zheng et al., 2020). Moreover, Li et al. analyzed the mRNA expression of ACE2 in 13 different human organs from the GTEx database with NGS and found that ACE2 expression levels were high in the small intestine, testes, kidneys, heart, thyroid, and adipose tissues but relatively low in the blood, spleen, bone marrow, brain, blood vessels, and muscle (Li et al., 2020b). Regarding specific cells, ACE2 was identified to be overexpressed in massive myocardial cells through scRNA-seq using cardiac cells from human embryos (Zou et al., 2020). Additionally, scRNA-seq also demonstrated high expression of ACE2 in specific cells of human fetal hearts, including cardiomyocytes (CM), macrophages, smooth muscle cells, and pericytes (SMC/Peri) (Cui et al., 2019b).

Using scRNA-seq from tissues of kidney transplant and bladder tissues homogenate, high expression of ACE2 was confirmed in kidney proximal tubule (PT) cells and bladder urothelial cells in Xin Zou’s study, indicating that the kidney and bladder might also be the target organs for SARS-CoV-2 infection (Zou et al., 2020). Moreover, quite similar results showing that overexpressed ACE2 was identified in renal tubular cells of patients with COVID-19 were also validated in another study (Li et al., 2020d). In addition, both Fan’s and Wang’s studies (Fan et al., 2020; Wang and Xu, 2020) also found that ACE2 was highly expressed in Leydig cells and cells in seminiferous ducts in the testis, indicating that the urinary and reproductive systems are susceptible to SARS-CoV-2 infection due to high levels of ACE2.

In addition to atypical pneumonia, the central nervous system (CNS) symptoms of COVID-19 patients have been observed in the clinic, including dizziness, headache, impaired consciousness, acute cerebrovascular disease, ataxia, and epilepsy (Li et al., 2020d; Mao et al., 2020). Massive microarray, RNA-seq and scRNA-seq analyses have indicated that nuclear expression of ACE2 was identified in many neurons and some non-neuron cells in the human middle temporal gyrus and posterior cingulate cortex. These expression features of ACE2 were also validated in a mouse model using brain tissues (Chen et al., 2020).

Aside the CNS, several specific organs, such as the skin, thyroid, and adrenal gland, also exhibited high expression of ACE2, as detected by scRNA-seq analysis (Li et al., 2020b). In particular, Li et al. demonstrated that ACE2 is highly expressed in maternal-fetal interface cells, including stromal cells and perivascular cells of the decidua and cytotrophoblasts and syncytiotrophoblasts in the placenta. Moreover, high expression of ACE2 was also validated in human fetal organs, including the heart, liver, and lung but not the kidney (Li et al., 2020a).

Furthermore, Bian et al. directly detected SARS-CoV-2 RNA in the stomach, breast, testes, spleen, heart, hilar lymph nodes, liver, gallbladder, kidney, nasopharyngeal mucosa, oral mucosa and skin through virus nucleic acid RT-qPCR detection, immunohistochemical staining, and electron microscopy from 37 systematic autopsy and 54 percutaneous multiple organ biopsy cases, consistent with the results of RNA-seq (Wu and Team, 2020). On a cautionary note, the NGS data from Genotype-Tissue Expression (GTEx) project also clear exhibited the mRNA expression of TMPRSS2 in different human tissues (Figure 3D) (Consortium, 2013). Similar to the expression of ACE2, TMPRSS2 was not only high-expressed in respiratory (lungs) and digestive system (stomach, transverse-colon, pancreas, small intestine, esophagus -mucosa, and liver), but also up-regulated in urinary system (kidney-medulla and cortex, and bladder) and other glandular tissues (prostate, thyroid and mammary tissue), perhaps contributing to one explanation for non-respiratory symptoms in COVID-19 patients.

In conclusion, NGS and scRNA-seq were applied to reveal the expression features of ACE2 in different organ systems and specific cells after SARS-CoV-2 infection. The ratio of ACE2 expression in different organ systems was clearly exhibited, and the respiratory, digestive, cardiovascular, urinary, and reproductive systems were identified as high-risk organs with relatively high expression of ACE2, while relatively low expression of ACE2 was found in the CNS and skin (Figure 3B). Moreover, a susceptibility cell map of SARS-CoV-2 infection with high ACE2 expression is displayed in a systemic multiorgan depiction (Figure 3C). These findings will further benefit SARS-CoV-2 diagnostics and new therapeutic target identification.



The Changes in the Intestinal Flora Revealed by Metagenomics Sequencing

In addition to common clinical symptoms in the lungs, some COVID-19 patients have also developed gastrointestinal symptoms, such as diarrhea, nausea, and vomiting (Chen et al., 2020; Gu et al., 2020a; Wang et al., 2020a). It was recently reported that COVID-19 RNA was found in the fecal samples and anal swabs of infected patients (Wu et al., 2020b; Zhou et al., 2020a). Interestingly, intestinal epithelial cells, particularly the crypt surface of small intestine epithelial cells, also express ACE2 receptors. Researchers also found that ACE2 mutations may reduce the expression of antimicrobial peptides and change the composition of intestinal microbes (Hashimoto et al., 2012). In addition, the intestinal flora has been shown to affect lung health through important cross-talk between the intestinal flora and lungs, which is known as the gut-lung axis (Keely et al., 2012). The gut-lung axis is considered to be bidirectional, which means that endotoxins and microbial metabolites can affect the lungs through blood circulation, and inflammation of the lungs may change the gut microecology (Dumas et al., 2018). It is also known that respiratory viral infections can disturb the intestinal flora, such as influenza and respiratory syncytial virus (RSV) (Groves et al., 2018). This fact raises the interesting possibility that COVID-19 may also affect the intestinal flora.

The intestinal microbiota is a dynamic ecological community and can regulate promote or suppress response by invading viruses (Li et al., 2019). Prior studies have suggested that respiratory viral infections are associated with alterations of the gut microbiota, which made patients more susceptible to secondary bacterial infections (Hanada et al., 2018; Yildiz et al., 2018). A preliminary study using shotgun metagenomic sequencing of 15 patients with COVID-19 found that the fecal microbiome of COVID-19 patients had continuous changes during hospitalization compared with that of the control group. Many pathogens and opportunistic pathogens were enriched in the intestinal microbiome of patients with COVID-19, including Clostridium, Bacteroides nordii, and Actinomyces viscosus. Research on the oral and upper respiratory microbiome of patients with the COVID-19 also found an increase in the abundance of the opportunistic pathogen Actinomyces viscosus (Habib et al., 2018). Even after the clearance of SARS-CoV-2 (as determined by a throat swab) and relief of respiratory symptoms, depleted symbionts, and intestinal dysbiosis persisted. Correlation analysis between fecal microbe baseline abundance and COVID-19 severity showed that Coprobacillus, Clostridium ramosum, and Clostridium hathewayi were significantly positively correlated with COVID-19 severity, whereas Faecalibacterium prausnitzii (an anti-inflammatory bacteria) was inversely related to the severity (mild, moderate, severe, or critical) of disease (Zuo et al., 2020).

A recent study compared the fecal microbiome of COVID-19 patients with that of healthy controls (HCs) and H1N1 patients and obtained results similar to those of Tao et al. (Gu et al., 2020b) (Table 1). Compared with that in the gut microbiome of HCs, the relative abundance of opportunistic pathogens (such as Streptococcus, Rothia, Veillonella, and Actinomycetes) in the gut microbiome of COVID-19 patients was significantly higher, and the relative abundance of beneficial symbiotic bacteria was lower. Compared with COVID-19 patients, H1N1 patients showed lower diversity and different overall microbial compositions.


Table 1 | The change of gut microbiome in COVID-19 patients (Gu et al., 2020b).



Intestinal flora regulation is very important for improving the immune system, preventing viral infections and reducing clinical signs. Some patients with COVID-19 show dysbiosis of the intestinal flora, and the abundance of probiotics, such as Lactobacillus and Bifidobacterium, is reduced. The use of prebiotics or probiotics may help to regulate intestinal flora balance and reduce the risk of secondary infections caused by bacterial translocation after coronavirus infection (Xu et al., 2020a). In addition, a fiber-rich diet not only changes the intestinal flora but also affects lung immunity (Trompette et al., 2014). Circulating short-chain fatty acids (SCFAs) produced during microbial metabolism of fermentable fibers in the diet may have a mitigating effect on lung allergic inflammation (Trompette et al., 2014). Intestinal flora diversity decreases in old age, and COVID-19 is fatal mainly in elderly patients, which again shows that the intestinal flora may play a role in the disease (Nagpal et al., 2018).



Immunogenetics of COVID-19 Revealed Through Single-Cell RNA Sequencing

Acute respiratory distress syndrome (ARDS) and multiple organ failure have been reported as the major causes of death due to SARS-CoV-2 infection, associated with high levels of circulating cytokines and substantial mononuclear cell infiltration in the heart, lungs, kidneys, and spleen through autopsy analysis (Diao et al., 2020b; Mehta et al., 2020; Xu et al., 2020c). The mechanism of the immune response is complex during SARS-CoV-2 infection, and Ronny et al. identified two distinct immunopathological profiles. One is high expression of interferon-stimulated genes (ISGs) and cytokines and high viral loads with limited pulmonary damage, and the other is severely damaged lungs with downregulated ISGs, low viral loads, and abundant immune infiltrates (Nienhold et al., 2020). A better understanding of the immune cells associated with differential responses in SARS-CoV-2-infected patients will be immensely helpful to better identifying therapeutic targets. However, the concrete mechanisms of the key immune cell subset changes remain unclear. Here, we summarized the major distinct immune cell compositions and states of different degrees of SARS-CoV-2 infection by scRNA-seq technology. Hyperinflammation similar to macrophage activation syndrome has been detected in patients with severe COVID-19, including massively increased production of cytokines, such as IL-6, IL-7, and tumor necrosis factor (TNF), and of inflammatory chemokines, such as CC-chemokine ligand 2 (CCL2), CCL3, and CXCL10 (Schulert and Grom, 2015; Mehta et al., 2020). Through scRNA-seq analysis based on bronchoalveolar fluid (BALF) from patients with COVID-19, Liao et al. found increased proportions of mononuclear macrophages accounting for 80% of total BALF cells and further identified a depletion of tissue-resident alveolar macrophages and an abundance of inflammatory monocyte-derived macrophages (Liao et al., 2020a). Moreover, a significant increase in the populations of CD14+ and CD16+ monocytes producing IL-6 was also validated in the peripheral blood samples of patients with COVID-19 through scRNA-seq analysis of peripheral blood mononuclear cells (Wen et al., 2020b). In addition, a special subset of macrophages of COVID-19 patients has been described, which is enriched in genes associated with tissue repair and promotes fibrosis generation, and scRNA-seq analysis also identified alternative M2-like macrophages that were functionally defined as a profibrotic subset (Ramachandran et al., 2019; Liao et al., 2020b). Dandan et al. (Wu and Yang, 2020) have detected high levels of IL-17-induced helper T cells (Th17 cells) in the periphery blood of patients infected with SARS-Cov-2 and those cells were considered as the main sources for IL17A which would lead to worse alveolar damage and multiple organ failures (Xu et al., 2020c). Moreover, Sodhi et al. demonstrated that ACE2 could regulate pneumonic neutrophilic infiltration through an IL17A-dependent manner in the bacterial pneumonia murine model and further found recombinant ACE2 could reduce neutrophilic infiltration by inhibiting IL17A-induced activation of STAT3 (Sodhi et al., 2019). High levels of IL18 and the reduction of mucosal-associated invariant T (MAIT) cells have also been identified in COVID-19 and significantly associated with the mortality and poor outcome in SARS-Cov-2 infection (Satis et al., 2021). Flament et al. validated the correlation between increasing cytotoxicity of circulating MAIT cells and severe inflammation response, particularly high levels of IL-18 through analysis data from 102 COVID-19 patients and 80 uninfected controls. Furthermore, these researchers proposed a two-step process of MAIT cell activation induced by type I IFN and later IL-18 through co-culture experiments of SARS-CoV-2-infected macrophages with MAIT cells in vitro (Gea-Mallorqui, 2020).

The T cell immune response, especially memory T cell activation, has been reported to be necessary for resolving SARS-CoV infection in patients and mice (Channappanavar et al., 2014; Liu et al., 2017). However, previous studies have certified that coronavirus could cause an irregular T cell response by stimulating T cell apoptosis (Zhou et al., 2014), and substantial clinical studies have also demonstrated a reduction in and functional exhaustion of T cells (especially CD4+ and CD8+ T cells) based on data from 522 patients with laboratory-confirmed COVID-19 (Diao et al., 2020a). In addition, during the severe and mild stages of SARS-CoV-2 infection, a lower proportion of CD8+ T cells and a higher proportion of CD4+ T cells with high levels of effector molecules were detected in severe patients than in mild patients, according to scRNA-seq analysis based on BALF from three severe and three mild COVID-19 patients (Liao et al., 2020a). Furthermore, it was also confirmed that the ratio of naïve CD4+ T cells to CD8+ T cells decreased in early recovery-stage (ERS) COVID-19 patients, while the central memory CD4+ T cells were significantly higher than in HCs by scRNA-seq analysis of peripheral blood mononuclear cells during the recovery stage of COVID-19 (Wen et al., 2020a).

Similarly, B lymphocytes, especially plasma cells, are also immune effectors that protect against viral infection through producing immunoglobulin antibodies, and for respiratory viruses, these antibodies, which reside in upper respiratory tract tissues, are particularly effective in that they provide a first line of defense against the virus at its point of entry (Sealy et al., 2013). However, the number of B cells significantly decreased in COVID-19 patients, and severe cases had a lower level than mild cases, according to clinical studies (Wang et al., 2020b). Moreover, Liu et al. also further verified that the significant decrease in B cell levels was consistent with the degree of disease severity and was detected earlier in pleural effusion than in peripheral blood via scRNA-seq analysis (Liu et al., 2020d). Notably, compared with that in the severe stage of COVID-19, the percentage of plasma cells increased significantly, whereas naïve B cell levels decreased significantly in the recovery stage of COVID-19 in Wen’s scRNA-seq analysis (Wen et al., 2020a).

It is well known that natural killer (NK) cells play a vital role in the control of pathogen infection by mediating cellular immunity and cytotoxic function as primary cytotoxic lymphocytes (Vivier et al., 2008). In one study, the absolute number of NK cells was found to be significantly decreased in severe and mild COVID-19 patients, and it tended to increase after remission in 32 COVID-19 patients with different severities (Jiang et al., 2020). However, Liao and her colleagues identified higher proportions of NK cells in COVID-19 patients than in controls, and severe patients contained a lower proportion of NK cells than mild patients, according to scRNA-seq analysis (Liao et al., 2020a). Regarding the recovery stage of COVID-19, the proportion of NK cells was found to be higher than that in the HCs, and these cells express higher levels of inflammatory genes. In contrast, during the later recovery stage, these patients have an increase in NK cell levels with lower expression of inflammatory genes (Wen et al., 2020b).

During the progression of SARS-CoV-2 infection, innate and adaptive immune responses are activated, with massive inflammatory factor release, which causes exhaustion of various types of immune cells, especially lymphocytes (Xiong et al., 2020). The recent research provides data of adaptive immunity in COVID-19 patients (Schultheiss et al., 2020). The application of NGS technology, including scRNA-seq analysis, clearly revealed the landscape of immune cells during the different stages of COVID-19, which could be a valuable resource for clinical guidance on anti-inflammatory medication and understanding the molecular mechanisms.



Conclusion

COVID-19 has pushed the world to the brink. Its outbreak has seriously threatened public health and caused general panic. This is perhaps one among the first reviews that focuses on the application of NGS to COVID-19. NGS, the ultra-rapid and cost-effective technology, has contributed to progress in determining novel SARS-CoV-2 hosts, evolution, and spread patterns, which are critical to designing effective disease control and prevention strategies. The rate of data acquisition and analysis has been inconceivably rapid which made the NGS methods applicable to monitor and counter the spread of SARS-CoV-2. Coordinated efforts are required to promote the principles of data sharing in order to facilitate more efficient data analysis of SARS-CoV-2.

In just very short time, NGS was applied to reveal the expression features of ACE2 in different organ systems and specific cells after infection with SARS-CoV-2 and to characterize the intestinal flora. This map might provide potential clues for interpreting different organ damage due to SARS-CoV-2 infection and help doctors better prevent target organ damage in the clinic, indicating the essential role of sequencing technology in filling the gap between molecular research and clinical application. Moreover, these findings are expected to provide further insight into the role of ACE2 and the pathogenesis of SARS-CoV-2 infection.

The importance of the intestinal flora in COVID-19 infection has been recognized and accepted by the Chinese government and the majority of frontline medical staff. Although there are currently no specific antiviral treatments, we speculate that probiotics can regulate the intestinal flora, thereby beneficially changing gastrointestinal symptoms and providing respiratory protection. Further study should focus on investigating whether the benefits of ACE2 for lung diseases may be mediated by regulating the intestinal and/or lung microbiota. The profiled immune cells also provide insight into adaptive immunity to SARS-CoV-2 for therapeutic guidance and vaccine development.

In conclusion, the application of NGS is crucial to understand the pathophysiologic mechanisms underlying the systemic manifestations of COVID-19 and its clinical significance. The insights from this review will add new dimensions to the understanding of infectious diseases and will benefit future decisive actions.
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In the last year, the advent of the COVID-19 pandemic brought a new consideration for the multidisciplinary sciences. The unknown mechanisms of infection used by SARS-CoV-2 and the absence of effective antiviral pharmacological therapy, diagnosis methods, and vaccines evoked scientific efforts on the COVID-19 outcome. In general, COVID-19 clinical features are a result of local and systemic inflammatory processes that are enhanced by some preexistent comorbidities, such as diabetes, obesity, cardiovascular, and pulmonary diseases, and biological factors, like gender and age. However, the discrepancies in COVID-19 clinical signs observed among those patients lead to investigations about the critical factors that deeply influence disease severity and death. Herein, we present the viral infection mechanisms and its consequences after blocking the angiotensin-converting enzyme 2 (ACE2) axis in different tissues and the progression of inflammatory and immunological reactions, especially the influence of genetic features on those differential clinical responses. Furthermore, we discuss the role of genotype as an essential indicator of COVID-19 susceptibility, considering the expression profiles, polymorphisms, gene identification, and epigenetic modifications of viral entry factors and their recognition, as well as the infection effects on cell signaling molecule expression, which amplifies disease severity.
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Introduction

COVID-19, the disease caused by the new coronavirus SARS-CoV-2, was first reported on December 29, 2019 in the city of Wuhan, China (WHO, 2020), and since then, more than a year later, we are living through a pandemic that has challenged doctors and scientists worldwide. SARS-CoV-2 has already infected 106,797,721 people and caused more than 2,341,145 deaths worldwide (WHO, 2021), with the main problem being the immune response that occurs in individuals. This is due to some peculiarities that SARS-Cov-2 presents, in particular the use of the angiotensin-converting enzyme 2 (ACE2) receptor to insert into human cells. Molecular study of the virus showed that it is a single-stranded RNA virus with a positive envelope (29.8 kb) that has six common open reading frames (ORFs) and several accessory genes (Mahmoudabadi and Phillips, 2018; Zheng, 2020) (Figure 1).




Figure 1 | Scheme of SARS-CoV-2 virus and its main characteristics. Based on ViralZone, 2020.



Sequence analysis showed that the viral genome found in different patients was highly conserved (Lu et al., 2020a; Zhou et al., 2020), indicating a recent evolution. The amino acid sequence of the experimental receptor binding domain of SARS-CoV-2 resembles that of SARS-CoV, the virus that triggered an outbreak in 2003, indicating that these viruses recognize the same receptor (Ren et al., 2020). Knowing the origin and structure of the new coronavirus, as well as its interaction with human cells, was a very important step for the confrontation that is currently being waged.

It is well known that while there are cases of individuals who are resistant to SARS-CoV-2 infection or asymptomatic, there is also a high rate of patients who progress to the severe form of the disease and die. This reality triggers several provocative questions.



What Leads SARS-CoV-2 to Cause People Major Problems?

ACE2 enzyme acts as a receptor responsible for viral binding to the cells (Wrapp et al., 2020; Xu et al., 2020). A peculiarity of SARS-CoV-2 is the surface protein (Spike, S) (Figure 1), which mediates virus recognition by human cells, that has a 10- to 20-fold higher affinity to ACE2 in comparison to the surface proteins of SARS-CoV, which contributes to its high infection and dissemination rates (Gheblawi et al., 2020). Such differences occur due to structural changes resulting from a four-residue motif (residues 482–485: Gly-Val-Glu-Gly) in the binding region, which makes the protein ridge more compact and allows better contact with the hACE2 N-terminal helix (Yan et al., 2020; Yi et al., 2020). Those structural features are essential to understand how ACE2-SARS-CoV-2 binding is processed.

In this scenario, the comprehension of ACE2 physiological functions and specific features could explain how comorbidities (hypertension, diabetes, obesity, and immunological diseases) and other biological factors (older age, male gender) can contribute to enhance the symptoms’ severity, with progression to death, evoked by COVID-19.

The ACE2 receptor exerts a pivotal role by regulating the degradation of Ang II in Ang 1-7 via the G-protein accoupled Mas receptors axis, especially in the lungs. The protective functions associated with the ACE2 axis is a result of Ang 1-7 production, which leads to anti-inflammatory effects, the reduction of lymphocytes and neutrophils infiltration with decreased perivascular and bronchial inflammation. These effects are counter-regulated by AngII-mediated responses, such as myocardial and endothelial disfunction, hypertension associated with obesity, and coagulation alterations (Verdecchia et al., 2020).

Conversely, impaired ACE2 function in the lungs is responsible for increasing free-bradykinin levels, activating pro-inflammatory cytokines release, and pulmonary injury. Notably, Mas receptor activation stimulates prostacyclin and nitric oxide (NO) release in platelets, evoking anti-thrombotic effects. Additionally, Mas receptors are also expressed in the pancreas, improving perivascular blood flow, and in cardiac adipocytes, preserving cardiac function (Hoffmann et al., 2020; Liu et al., 2020). In this sense, it was possible to predict that the deficiency of or a reduction in the physiological function of ACE2 may favor pulmonary inflammation, thrombosis, obesity-induced hypertension, adipose tissue inflammation, and cardiac failure, which is especially detrimental to the baseline risk of COVID-19 patients (Figure 2).




Figure 2 | Summary of the main events as a result of the SARS-Cov-2 virus entry into the body. Once in contact with the cells the virus triggers mechanisms that increase the production of cytokines, which in turn trigger an immune cascade.



Different morbidities, such as obesity, old age, and chronic obstructive pulmonary disease (COPD) are associated with severe COVID-19 symptoms, which, in general, are supra regulated by dipeptidyl peptidase-4 (DPP-4) (Roy et al., 2020). In addition, both DPP-4 and ACE2 are dysregulated proteins in diabetes, so it may be possible for diabetic patients to present more severe cases of COVID-19 due to the increased levels of these proteases (Valencia et al., 2020). Studies have also shown that ACE2 overexpression occurs in the nasal and oropharyngeal epithelium of individuals who are more vulnerable to severe COVID-19 symptoms (Chua et al., 2020; Li et al., 2020a; Ziegler et al., 2020).

Hamming et al. (2004) investigated the presence of ACE2 in different tissues and observed that this receptor is highly abundant in the lung and small intestine epithelium, as well as in the vascular endothelium. Those observations were reinforced by findings on the overexpression of ACE2 in alveolar epithelial cells and enterocytes, which compose potential target organs of SARS-CoV-2 (Zhou et al., 2020). Specifically, expression of the ACE2 gene is concentrated in type I (oxygen and carbon dioxide exchanges) and II pneumocytes (alveolar surfactant production), and the profile of gene expression varies from individual to individual (Zhao et al., 2020). In the presence of SARS-CoV-2 infection, pneumocyte types I and II are damaged, decreasing the production of alveolar surfactants, which implies reduced pulmonary elasticity and pneumocytes type I repair. These factors result in pulmonary fibrosis and inefficient gas exchange (Verdecchia et al., 2020).

The large contact surface of alveolar epithelial tissue associated with the high expression levels of SARS-CoV-2 entry factors in bronchial secretory cells and nasal epithelial cells emphasizes that some individuals are more vulnerable to respiratory failure than others. Additionally, microarray database analysis reported that infection-related factors are also highly expressed in the gastrointestinal system, explaining the diarrhea and virus isolation from stool samples (Gkogkou et al., 2020). Therefore, the respiratory and gastrointestinal tracts represent the most frequent routes of virus access to the body. A structural study showed that, in addition to showing high levels of expression in the small intestine, ACE2 also has significant expression in the testicles, kidneys, heart, thyroid, and adipose tissue, with lower expression in the spleen, bone marrow, brain, blood cells, blood vessels, and muscles (Li et al., 2020a).

Initially, SARS-CoV-2 mediated infection is dependent on the viral S1 domain binding to ACE2 and their cleavage by the transmembrane serine protease 2 (TMPRSS2), whereas the viral S2 domain is responsible for conformational changes that drive the fusion process between viral and host cell membranes (Brest et al., 2020; Wang et al., 2020a). Those events are followed by virus entry and its replication in the cells (Devaux et al., 2020; Wang et al., 2020a). However, other molecular factors have been implicated as essential not only for viral entry but mainly for infection progressive cellular effects, such as the membrane anchored metalloproteinase domain-containing protein 17 (ADAM 17), which evokes the ACE2 shedding mechanism (Brest et al., 2020; Gheblawi et al., 2020).

Virus binding induces ACE2 deficiency, amplifying the dysregulation between the ACE-Ang II-AT1 (type 1 receptor for angiotensin II) receptor and the ACE2-Ang 1-7-Mas receptor axis since there is a reduction in ACE2 catalytic properties favoring the ACE-Ang II-AT1 receptor pathway. Moreover, the renin–angiotensin–aldosterone system imbalance evokes pronounced detrimental effects in all COVID-19 stages, since multiple organ failure and a hyperinflammatory response are the main clinical findings in severe cases (Mahmudpour et al., 2020).

The dysregulation of the ACE2/Ang II/AT1R axis, attenuation of the ACE2/Mas receptor axis, and increase in the activation of the ACE2/bradykinin B1R/DABK pathway and their complementary cascades are the main molecular interactions that support the cytokine storm (Hirano and Murakami, 2020; Mahmudpour et al., 2020). Once the virus binds to ACE2, this enzyme does not convert Ang II into Ang 1-7, making it impossible to activate MasR and form the complex to control inflammation. In the absence of Ang 1-7, there is also an increase in the expression of p38 MAPK and NFk-β pathways and inflammatory factors, as well as the binding of Ang II to the AT1R receptor, triggering pro-inflammatory responses and, as a result, pulmonary deterioration (Gheblawi et al., 2020; Mahmudpour et al., 2020; South et al., 2020) (Figure 3).




Figure 3 | Schematic representation of SARS-CoV-2 infection in target cells and its consequences on ACE2 signaling pathways. (A) SARS-CoV-2 spike proteins bind to ACE2 with their consequent cleavage by ACE2 and TMPRSS2; (B) viral fusion, internalization and release of viral genetic material; (C) ACE2 cleavage by ADAM17 forming a plasm-soluble ACE2 isoform and its binding on viral particle at non-target tissues; (D) The conversion of Ang II to Ang 1-7 is blocked with subsequent decrease on Mas receptor protective axis; (E) Ang II interacts with AT1 receptor and triggers detrimental pathways evoking inflammatory processes.



The increase in Ang II and the consequent activation of its AT1R receptor also hyperactivate the complement system cascade, causing even more inflammatory responses, inducing vasoconstriction, increasing oxidative stress, and promoting inflammation and fibrosis (Risitano et al., 2020; South et al., 2020). In addition, there is an increase in the activity of the inflammatory lung factor [des-Arg9]-BK (DABK), which also causes the exacerbated release of cytokines (Tolouian et al., 2020). These events justify the relationship between a high viral load, severe lung damage, and Ang II levels in serum samples from patients infected with SARS-CoV-2 (Liu et al., 2020).

Lymphopenia is one of the immunological responses characteristic of severe cases of COVID-19 accompanied by a marked decrease in the absolute number of circulating CD4+ cells, CD8+ cells, B cells, and natural killer cells (NK) (Zhou et al., 2010; Tan et al., 2020a), as well as a decrease in other cell types and increased levels of pro-inflammatory cytokines (Moore and June, 2020; Verdecchia et al., 2020). The binding of SARS-CoV-2 with the ACE-2 receptor and the consequent change in the ACE-cascade triggers several molecular processes that lead to the overproduction of cytokines and hyperinflammation, and the activation of some cells that play a role in the immune system (Dhochak et al., 2020; Mahmudpour et al., 2020).



An Explosive Response

The dysregulation of the immune system triggers the evolution of COVID-19 to its severe form in some patients (Giamarellos-Bourboulis et al., 2020; Huang et al., 2020), and respiratory failure is generally associated with this characteristic and not necessarily with increased viral load (Risitano et al., 2020). The simultaneous activation of both innate and adaptative immune systems through the binding of SARS-CoV-2 to the cell receptor makes the immune system reaction more damaging to the cells than the virus itself. In this way, the events following infection lead to severe inflammatory disorders with a possible progression to death (Du et al., 2020; Zhang et al., 2020a).

A study by Tan et al. (2020b) concluded that a stronger antibody response is associated with delayed viral clearance and consequently more severe symptoms of the disease. Patients with COVID-19 and lower IgG titers experienced faster viral clearance when compared to patients with COVID-19 and higher IgG titers. Another study showed that asymptomatic individuals had lower IgG titers compared to those that were symptomatic (p=0.005) 3–4 weeks after exposure to SARS-CoV-2, and this difference remained during the convalescent phase (p=0.02), 8 weeks after hospital discharge (Long et al., 2020). This imbalance in immune response may occur due to a mechanism known as antibody-dependent enhancement (ADE), where there is an increase in pathogenicity in the presence of sub-neutralizing and non-neutralizing antibodies that facilitate viral entry into cells, triggering an increase in infection and virulence (Bournazos et al., 2020). Other immunological studies on SARS-CoV suggest that anti-SARS-CoV-2 antibodies may intensify COVID-19 symptoms through the ADE mechanism, increasing infection or triggering detrimental immunopathology (Lee et al., 2020).

According to Arvin et al. (2020), this phenomenon occurs when non-neutralizing or sub-neutralizing antibodies bind to viral antigens without blocking or eliminating infection and, in an unexpected way, facilitate viral entry into the cells through the interaction with crystallizable fragments or receptors’ complements. Even if there is no active viral replication, the facilitated viral entry into cells can lead to the activation of macrophages, monocytes, and B cells and the production of tumor necrosis factor alpha (TNFα) and interleukins 6 and 10 (IL-6 and IL-10), affecting disease prognosis, an approach previously observed by Taylor et al. (2015). This event may be responsible for the increase in the number of immune cells observed in patients with a poor prognosis.

The ADE mechanism is mediated by immunoglobulin receptor Fc(R), which has a pivotal role in immune response, controlling innate and humoral immunities that are essential for responses against infections and the prevention of chronic inflammation and autoimmune diseases. In addition, these immunoregulatory processes may play a role in the pathogenesis of the disease, triggering responses such as the release of cytokines and phagocytosis. Notably, these receptors have a large genetic polymorphism, with a variation in the immune response according to the presented gene (Hargreaves et al., 2015; Bournazos and Ravetch, 2017), which may contribute to a larger or smaller immune response regarding infection by SARS-CoV-2.

A study by Sun et al. (2020) reported that changes in peripheral blood inflammatory cells may signal the severity and spread of COVID-19. In this study, patients with severe infection showed a decrease in the number of lymphocytes, eosinophils, basophils, and an increase in neutrophil count. A decrease was observed in the total count of T lymphocytes (T CD4+, T CD8+), as well as NK cells 2 weeks after the treatment of patients who posteriorly died. Although there is a decrease in CD4 and CD8 lymphocyte cells and NK cells in the most severe cases of COVID-19, hyperactive circulating monocytes continue to produce proinflammatory cytokines, such as TNFα and IL-6. The hyperactivation of monocytes, decrease of lymphocytes, and high IL-6 release causes low expression of the cell surface receptor encoded by the human leukocyte complex (HLA-DR). As a result, there may be a failure in antigen presentation preventing the action of the immune system against the virus, followed by hyperinflammation due to the high production of pro-inflammatory cytokines (Giamarellos-Bourboulis et al., 2020).

In the study performed by Qin et al. (2020), most patients with severe COVID-19 symptoms showed an increase in cytokine and chemokine serum levels, in addition to high production of neutrophils and low production of lymphocytes, indicating that the hyperinflammatory response was responsible for the severity of the disease. The impaired immune system, with damaged T lymphocytes, may cause greater susceptibility to secondary pulmonary bacterial infections, which justifies the use of some antibiotics as an adjunctive pharmacological therapy.

Thus, a cytokine storm is one of the main characteristics of severe cases of SARS-CoV-2 infection, being associated with the severity of the disease and mortality (Giamarellos-Bourboulis et al., 2020; Lu et al., 2020b). It involves the uncontrolled release of a large amount of pro-inflammatory cytokines, such as TNFα, IL-6, and IL-1β, in a systemic way (Roshanravan et al., 2020). This reaction is formed by complex interconnected networks that interact in different ways, showing us that there are several molecular mechanisms to be unveiled (Mahmudpour et al., 2020). In summary, the consequence of infection by SARS-CoV-2 is that patients have increased serum levels of IL-6, IL-1β, IL-2, IL-8, IL-17, colony stimulating factor of granulocytes (G-CSF), granulocyte and macrophage colony stimulating factor (GMCSF), interferon gamma-induced protein 10 (IP-10), monocyte-1 protein-chemoattractant-1 (MCP-1), chemokine 3 ligand (CCL3), and TNFα (Scheller and Rose-John, 2006; Mehta et al., 2020).

In this way, the reason why SARS-CoV-2 differentially changes the organism’s response and which strategies organisms use to fight infection are questions to be elucidated. According to Ulhaq and Soraya (2020), there is evidence that the circulating IL-6 levels are intricately linked to the severity of infection in patients with COVID-19, especially in those with lung injury. IL-6 is a pleiotropic multifunctional cytokine that plays an important role in human metabolism (Hunter and Jones, 2015). Its action is mainly linked to lymphocyte proliferation, antibody production and multiplication, and differentiation of hematopoietic cells, targeting B cells, T cells, neutrophils, eosinophils, and basophils. IL-6 is associated with diseases including leukemia, hypertension, atherosclerosis, and different types of malignant tumors. The greatest production of this cytokine occurs in T cells, endothelial cells, fibroblasts, macrophages, and monocytes (Brennan and Foey, 2002). An increase of pro-inflammatory cytokines was detected in the serum of patients infected by coronaviruses SARS-CoV and MERS-CoV, being related to inflammation and lung damage (Wong et al., 2004; Mahallawi et al., 2018).



Understanding the Course of the Immune Response

As previously discussed, in addition to respiratory failure due to pulmonary inflammation, patients with severe COVID-19 symptoms may have systemic inflammation that causes damage to multiple organs, with distinct immune reactions among individuals. A current study, named ENE-COVID, which is being performed by the Spanish Ministry of Health and the Carlos III Institute of Public Health, showed that the majority of Spain’s population, one of the European populations most affected by COVID-19, had negative serology for SARS-CoV-2. Only 5% of more than 61,000 participants in the study had serum prevalence for IgG antibodies, of which one third were asymptomatic. Among the patients with positive results for COVID-19 as determined by qRT-PCR, 90% of serum prevalence was observed 14 days after diagnosis. From these results, it was concluded that herd immunity cannot be achieved without major side effects and a high mortality rate in the susceptible population (Pollán et al., 2020).

In a study by Seow et al. (2020), serum samples were collected from 65 patients diagnosed with COVID-19 by qRT-PCR and from 31 healthcare workers with positive serology and analyzed sequentially up to 94 days after the appearance of symptoms for neutralizing antibody responses. Eight days after the onset of symptoms, 95% of patients diagnosed with COVID-19 showed serum conversion and neutralizing antibody activity, with greater antibody responses in the most severe cases of the disease. However, over time, more than 60 days after the onset of symptoms, the antibody levels of most studied participants decreased, with a faster decline in those who had shown low antibody activity at the beginning. This fact was also investigated by Muecksch et al. (2020), who reported that the sensibility of a given antigen-based test for N protein decreased from >95% to 85%, 61–80 days after diagnosis, and to 71%, 81–100 days after diagnosis, confirming that it is inadequate for serum prevalence studies or for individuals who show long-term chronic symptoms. Other immune mechanisms, such as long-term memory T-cell responses, play an important role in protecting against serious infections or diseases (Grifoni et al., 2020; Le Bert et al., 2020), however, the detailed analysis of responses of T cells is currently not viable in a high-performance clinical environment (Muecksch et al., 2020).

Knowing the mechanisms and long-term kinetics of antibody titers, as well as the effectiveness of serological assays, is essential for a precise interpretation of disease progression (Andersson et al., 2020; GeurtsvanKessel et al., 2020; Rosado et al., 2020); however, specific IgM and IgG antibodies are mostly investigated for the peak surface glycoprotein (S) and nucleocapsid protein (N) (Carter et al., 2020). In the future, it may be difficult to both verify seropositive individuals and study the immunization time of individuals and populations (herd immunization). In this way, new studies are developed in an attempt to improve the evaluation of the immune response through the identification of more specific regions for both early and late responses, such as ORF8 and ORF3b regions (Hachim et al., 2020; Wang et al., 2020b).

Regarding herd immunity, Britton et al. (2020) developed a mathematical model in which they evaluated how far preventive measures can lead to herd immunity for SARS-CoV-2. They applied the model in four different hypothetical populations, considering variations in age and activity levels, with the implementation of preventive measures. It was observed that the population heterogeneity, mainly related to variations in social activity, reduced the acquisition of herd immunity from 60% to 43%, considering the classic level for homogeneous populations. In the current scenario, considering the wide heterogeneity among populations, it is possible to predict the unattainability of herd immunity.



Predicting the Future: the Genotype as an Indicator of Susceptibility

Several factors cause variations in individuals’ responses to SARS-CoV-2, including viral load, genetic susceptibility, and concomitant pathological conditions (Le Bert et al., 2020). The fact that some individuals have exacerbated inflammatory reactions and others do not gives rise to different phenotypes of the disease that are linked to genetic factors (Tisoncik et al., 2012). According to Radzikowska et al. (2020), there are different receptors that are potentially involved with SARS-CoV-2 infection in epithelial barriers and immune cells, and their differential expression, depending on age, gender, presence of other characteristics, such as obesity, smoking, and polymorphisms, and the state of the disease, can contribute to the patterns of morbidity and severity of COVID-19 symptoms.

Therefore, we must remember that individuals are genetically distinct, which can contribute to the identification of different levels of disease severity. In addition to the comprehension of the molecular mechanisms involved in SARS-CoV-2 infection, it is necessary to understand the host organism’s reaction to infection.

This raised the question: are individual differences responsible for the lethality of the disease? An initial investigation carried out by some researchers in relation to gender and age showed that there is no difference between males and females or between people of different ages in terms of infection and transmission (Scully et al., 2020; Stokes et al., 2020), which makes us believe that the individual responses after infection have great importance in determining the development of the disease (Jin et al., 2020; Mauvais-Jarvis et al., 2020; Stokes et al., 2020).

This has led researchers to several questions. Is it possible to predict a genetic composition that is less able to fight infection? Are we in a genomic era where genetic screening can identify the most resistant and the most susceptible individuals to new diseases? Could these results contribute to a more specific clinical assessment of infected individuals? To discuss these issues, the study of virus entry factors, expression profiles, polymorphisms, and epigenetic modifications may be important tools to detect susceptible individuals, which could facilitate control of COVID-19 outcomes (Anastassopoulou et al., 2020).

Since studies do not show difference between individuals in terms of transmission and infection by the SARS-CoV-2 virus, it is essential to assess individual responses and how they can be differentiated.

Almost 1 year since the start of COVID-19 pandemic, reports have shown that most patients who needed hospitalization, intensive care, intubation, and eventually died were male, with numbers 1.5- to 2-fold higher when compared to females (Mauvais-Jarvis et al., 2020). Another study showed that in relation to the studied COVID-19 cases, men showed greater complications with more severe symptoms than women (p=0.035). In the public data set, the number of men who died of COVID-19 was 2.4-fold greater than that of women (70.3% vs. 29.7%, p=0.016) (Jin et al., 2020).

In the United States, where the test to diagnose SARS-CoV-2 infection was prioritized for people with symptoms, the diagnostic rates were similar for both genders, but the male mortality rate was 1.5-fold higher than that of females (Stokes et al., 2020). There are reports that females have more effective innate and adaptative immunity responses to antigenic challenges (Klein, 2012; Klein and Flanagan, 2016). In addition, women respond better to different types of vaccines (Fink and Klein, 2015; vom Steeg and Klein, 2016; Fink et al., 2018).

According to Li et al. (2020b), the relationship between deaths from COVID-19 and the gender of patients may provide clues in the search for solutions to control the disease. Differences in chromosomes, genes, and hormones are influenced according to the individual’s gender which causes varied responses to several diseases, including COVID-19. Gender may be considered when analyzing clinical trials in relation to SARS-CoV-2 infection, as gender differences may reveal different approaches that are necessary for the treatment of patients with COVID-19, such as estrogen-related compounds and androgen receptor antagonists (Li et al., 2020b).

Thus, the possible polymorphisms or loss of heterozygosity of some genes in males can interfere in the response to the virus, since the fact that females have two X chromosomes could be considered an advantage. Even with the inactivation of one X chromosome, this advantage is maintained since the process occurs randomly, allowing heterozygosity, a fact that is impossible in males due to the presence of a single X chromosome. The X chromosome has the ACE-2 gene, as well as genes related to the immune system responsible for innate and adaptive immune responses (Gemmati et al., 2020). The androgen receptor (AR), toll-like receptor 7 (TLR7), toll-like receptor 8 (TLR8), kinase 1 associated with the interleukin-1 receptor (IRAK1), beta chain of cytochrome B-245 (CYBB), fork head box P3 (FOXP3), and CD40 ligand (CD40L) are among X chromosome genes involved in innate and adaptive immunity (Schurz et al., 2019).

The AR gene is responsible for the synthesis of a signal transduction protein and transcription factor, necessary for the development and expression of male phenotypes. In addition, signaling of this gene leads to several chemical activations and deactivations in the immune system, such as the inhibition of antibody production, cell differentiation via granulocytes, regulation of the chemotactic capacity of macrophages, regulation of T and B cell function, activation of the immune response of T cells by Th1, and inactivation of type I interferon (IFN type I) signaling pathways (Olsen and Kovacs, 2001; Lai et al., 2012; Kissick et al., 2014).

The main hormones that bind to AR are dihydrotestosterone (DHT), testosterone, androstenedione, and dehydroepiandrosterone (DHEA), which are synthesized from cholesterol. Of these four androgens, only DHT cannot be converted to estrogen, so studies using DHT are more easily interpreted. It is interesting to remember that testosterone is present in greater quantity in adult males, which can lead to a response stimulation via Th1. Remarkably, the AR gene has polymorphs that influence the intensity of androgen signaling, and it affects both men and women (Kissick et al., 2014). Many differences in immune cells result from exposure to androgens, showing that there is a relationship between immunity and the gender of individuals. The suppression of immune reactivity and androgen-mediated inflammation raises the threshold for the development of autoimmunity; however, further studies are still needed to elucidate these mechanisms (Bupp and Jorgensen, 2018).

The TLR7 and TLR8 genes, together with TLR4, which is on chromosome 4, mediate part of the innate immune response because they are in one of the three classes of pattern recognition receptors, the toll-like receptors (TLRs). They specifically regulate the production of type 1 IFN and other cytokines so that sexual dimorphism may be observed during antiviral responses (Meier et al., 2009). Studies carried out using female lymphocytes reported that T and B cells showed biallelic expression of TLR7 and increased transcription of immune related genes linked to the X chromosome (Souyris et al., 2018). It would explain the 10-fold higher expression of TLR in females when compared to male cells (Klein and Pekosz, 2014), as well as the lower production of INF- α. Male peripheral blood mononuclear cells produced lower levels of IFN-α after stimulation by the ligand TLR7 and higher levels of the immunosuppressive cytokine IL-10 after stimulation by ligands TLR8 and TLR9 (Torcia et al., 2012).

The IRAK1 gene is the key encoder of the intracellular signaling pathway of TLR/IL-1R and assists the recognition of viruses by TLR7/8 and the production of IFN- α, being one of the main genes that contribute to the divergence of responses related to gender after trauma and sepsis (Gottipati et al., 2008; Sperry et al., 2014). The IRAK1 haplotype contributes to differentiated immunomodulation between the genders in all ethnic groups in relation to inflammatory responses. It probably occurs due to polymorphisms in the gene (Spolarics et al., 2017).

The CYBB gene was identified as possibly responsible for the innate immune response, contributing to the activation of an intracellular oxidative explosion for the production of superoxide in phagocytes, encoding catalytic subunits of NADPH oxidase and, consequently, causing the death of microorganisms by phagocytosis (Spolarics et al., 2017; Jaillon et al., 2019).

The FOXP3 and CD40L genes cooperate in the adaptive immune response (Jaillon et al., 2019). The protein synthesized by the FOXP3 gene is a key regulator of T cell activation, more specifically Treg (regulatory T cells) that prevent autoimmunity (Mercer and Unutmaz, 2009). The protein synthesized by CD40L is responsible for transmembrane signaling involved in the activation of platelet, endothelial, and immunological cells. It acts in antigen presentation, in the activation of B cells, and in the differentiation of T cells (Elgueta et al., 2009; Spolarics et al., 2017), which could be involved in the differential development of disseminated intravascular coagulation in some patients.

In addition to those genes, several genetic factors, such as inactivation of the X chromosome and cell mosaicism, may be responsible for the hyperresponsiveness of the female immune system (Pessach and Notarangelo, 2009; Libert et al., 2010; Rainville et al., 2018). An interesting factor regarding the different mediation of the immune response in men and women is that the immune response mediated by antibodies in women is stimulated predominantly by type 2 T helper cells (Th2), whereas in men, type 1 T helper cells (Th1) are predominant (Billi et al., 2019).

The gender-bias in response to immunological problems has already been shown by Lambert (2019), considering rheumatic diseases, where it was shown that, in addition to the heterozygosity that occurs in females, different genders go through different situations since birth, with molding of the epigenome and microchimerism. The author showed that men and women are genetically, epigenetically, hormonally, and chemically different, which has an influence on the health and success of long-term treatment. A better understanding and exploration of these differences is necessary to progress in the treatment and management of all patients. There is evidence that targeting candidate genes or reversing epigenetic dysregulation according to gender may be more effective and beneficial than current therapies (Lambert, 2019). Broadening the discussion of the topic, genetic, and epigenetic differences can be parameters to assess, in response to the presence of the virus, as they can be crucial in viral recognition and individual immune response, influencing the severity of SARS-CoV-2 infection. An example of epigenetic interference is the low susceptibility of children to SARS-CoV-2 infection, which can be explained, among several factors, by the high expression of ACE-2, which in spite of being the viral receptor, ends up having a protective effect on the lungs. The high expression of ACE2 enables the binding of the receptor to Ang II (Figure 3) even in the presence of the virus, without altering the signaling cascade activated after the coupling of viral particles. In addition, children have a more effective innate immune system, with the ability to fight infection immediately upon infection, showing high regeneration of the alveolar epithelium (Dhochak et al., 2020). Additionally, it was found that children’s nasal epithelium, the first region of SARS-CoV-2 contact with the organism, presents low expression of ACE2, hampering virus binding (Bunyavanich et al., 2020).

In this context, other essential factors to be considered are the relationships between the levels of expression, polymorphisms, and epigenetic alterations, specifically for the viral entry factors ACE2, ADAM17, and TMPRSS2, since they are implicated in both susceptibility to viral infection in target cells and COVID-19 progressive symptoms (Hoffmann et al., 2020; Ortiz-Fernández and Sawalha, 2020).

For small bowel infections, the ACE2-TMPRSS2 and four serine protease axes also exert an essential role, being responsible for virus attachment and its internalization, explaining the gastrointestinal viral tropism (Wong et al., 2020; Zhang et al., 2020b). However, the presence of other elements on enterocytes, such as furin and B0AT1, an aminoacid transporter, can influence viral infection and its consequences. Intestinal viral infection includes the initial Spike cleavage by TMPRSS2 and furin, in segments 1 and 2, followed by S1 coupling with ACE2, while S2 mediates the membrane fusion. One of the main steps during SARS-CoV-2 bowel infection is the relationship between ACE2 and B0AT1, since B0AT1 function is regulated by the ACE2-like protein, viral coupling to ACE2 also blocks amino acid transporter activity. These effects lead to pathological conditions, similar to colitis, due to amino acid transport depletion, especially tryptophan, towards enterocytes’ apical membrane with successive activation of the mTOR pathway, evoking the inflammatory process (Mönkemüller et al., 2020). Notably, its consequences on intestinal permeability and tissue exposition to other microbial toxins, enterocytes’ apoptosis, and microbiome dysbiosis amplifies inflammation from local to systemic coverage (Vodnar et al., 2020). Then, in the presence of diabetes, inflammatory bowel diseases, and obesity as preexistent conditions, microbiome dysbiosis is markedly one of the main elements for enhancing the inflammatory consequences of viral infection.

Recent studies reported polymorphisms in the ACE2 gene in Chinese (Luo et al., 2019), Canadian (Malard et al., 2013), Indian (Patnaik et al., 2014), and Brazilian (Pinheiro et al., 2019) populations. Cao et al. (2020) conducted a study with database analysis and observed that the ACE2 gene has 1,700 variants, of which 11 variants were associated with increased expression of ACE2 in tissues, which can lead to differentiated infectivity by SARS-CoV-2. Different ACE2 variants related to hypertension manifestations were detected and low ACE2 mRNA expression levels were associated with hypertension, dyslipidemia, and heart failure, influencing SARS-CoV-2 infection susceptibility (Cao et al., 2020). In a complementary way, the expression of ACE2 was downregulated in infected cells (Devaux et al., 2020).

Other epidemiological investigations discussed the differential incidence of ACE insertion (I)/deletion (D) polymorphisms among populations and its correlations with viral infection, mortality rate, and recovered clinical cases. In fact, the highest ACE levels were attributed to the dominant allele of ACE I/D polymorphism, revealing a positive correlation between its frequency and infected people in Asian populations. This finding was associated with the presence of comorbidities (hypertension, type-2 diabetes, hyperlipidemia, for example), but no relationships were observed for ACE I/D polymorphisms and the recovery rate of infected patients (Pati et al., 2020). In a complementary way, a clinical study in Spain observed that ACE I/D polymorphisms were related to viral infection, depending on clinical hypertension severity (Gómez et al., 2020), indicating that both genetic and clinical factors are simultaneously implicated in COVID-19 outcomes.

In other analyses, it was reported that ACE2 expression was associated with differences in minor allele frequencies among populations, since Asian people express higher ACE2 levels than Caucasians. Additionally, single nucleotide polymorphisms (SNPs) were investigated for ADAM17 and TMPRSS2, indicating that some TMPRSS2 genotypes are more susceptible to other viral infections, such as H1N1, while ADAM17 expression quantitative trait loci are related to the modulation of the ACE2 shedding process (Brest et al., 2020). This could be explained by the suppression of the ACE2 shedding barrier and the production of soluble form of ACE2 in the presence of a high viral load, which enables infection. Other polymorphisms with effects on COVID-19 progression were also observed in non-coding sequences for cathepsin L, monocyte chemoattractant protein-1 (CCL2), and neutrophil elastase genes, enhancing virus infection and inflammation (Ghafouri-Fard et al., 2020; Vargas-Alarcón et al., 2020).

In addition to expression levels and polymorphisms, ACE2 is extensively regulated by post-translational mechanisms. Those epigenetic modifications include glycosylation, phosphorylation, and shedding processes. In conditions of cellular stress, such as during inflammation, NAD-dependent deacetylase SIRT1 is linked to the ACE2 promoter, favoring its transcription. However, DNA methylation in the ACE2 promoter was lower in lung epithelial cells when compared to other target cells, indicating its high transcription levels in lung tissue, which allows viral infection (Saponaro et al., 2020; Sen et al., 2021).

Taken together, those factors belong to a complex mechanism involving mutations affecting the essential molecular components for viral entry (ACE2, ADAM17, and TMPRSS2); changes in their mRNA expression and post-translational regulation, implicated the severity of clinical symptoms observed in the presence or absence of patients’ comorbidities.

Asselta et al. (2020) compared variations of the TMPRSS2 gene between populations in Italy and other Europeans and Asians. The study indicated that the TMPRSS2 gene and its genetic variants may be promising for disease modulation, suggesting that ACE2 may not be the only target of the virus. In the same way, other genes may be responsible for presenting alterations that may interfere in the individual response to the virus (Table 1).


Table 1 | Location and description of genetic polymorphisms that may be involved with a higher probability of COVID-19 severity.



Human leukocyte antigen (HLA) genes, HLA-A, -B, and -C, among others, are located on chromosome 6 (6p21.34) and encode proteins involved in the processing and presentation of antigens, as well as a wide range of other immunological functions (Parham and Moffett, 2013). The connection of these genes with coronavirus infection was mentioned by Lin et al. (2003), who showed that the smallest binding peptides for SARS-CoV-1 were found for HLA-B * 46: 01. Furthermore, Nguyen et al. (2020) performed an in silico analysis covering the binding affinity of the viral peptide-MHC class I in 145 HLA-A, -B, and -C genotypes and found that HLA-B * 46: 01 also occurred for SARS-CoV-2, suggesting that this allelic variant leads to vulnerability to the disease. However, the HLA B * 15: 03 variant was linked with the ability to present SARS-CoV-2 peptides, suggesting cross-protection with immunity based on T cells. However, Wang et al. (2020c) presented preliminary results, where HLA-A * 11: 01, -B * 51: 01, and -C * 14: 02 alleles showed connection with worse clinical outcomes in patients with COVID-19.

The Severe Covid-19 GWAS Group (2020) performed a meta-analysis of broad genomic association in which they analyzed SNPs in patients with severe acute respiratory syndrome by SARS-CoV-2 and control individuals in Italy and Spain. Two loci associated with respiratory failure in COVID-19 were found, one of which was the GA-G insertion-deletion variant in locus 3p21.31 that is composed of six genes (SLC6A20, LZTFL1, CCR9, FYCO1, CXCR6, and XCR1). Some of these genes are associated with greater severity of COVID-19 symptoms. The SLC6A20 gene synthesizes the SIT1 protein, which together with LZTFL1, interacts with ACE2 cell receptors. The other genes encode chemokine receptors of the C-C and CXC families, which control cell migration associated with immune surveillance by trafficking effector cells to sites of infection and inflammation. According to Zeberg and Pääbo (2020), this genomic sequence, a 49.4 kb haplotype, previously identified by The Severe Covid-19 GWAS Group (2020), was inherited from a Neanderthal who lived in Croatia 50,000 years ago and has a frequency of 30% in the South Asians, 8% in Europeans, and 4% in the American population. Despite the variations in the frequency of this genomic sequence, there are no differences in disease severity around the world due to several non-genetic factors, such as multiple comorbidities, advanced age, physical inactivity, and smoking, among others, which also contribute to respiratory failure.

The other region studied by The Severe Covid-19 GWAS Group (2020) regarding SARS-CoV-2 infection was the SNP A or C at locus 9q34.2, which is related to the ABO blood system, and showed the highest susceptibility of individuals in group A and the lowest susceptibility of individuals in group O. Other studies investigated patients in relation to blood groups and showed that patients in blood group O, regardless of Rh, had a lower incidence of SARS-CoV-2 infection, with individuals in group A being more sensitive and prone to disease, presenting a higher frequency among patients with COVID-19, in addition to being the most serious cases (Göker et al., 2020). The authors suggested that the biological mechanisms included in these results may be related to other biological effects of the identified variant, including stabilization of the von Willebrand factor or the development of neutralizing antibodies against protein-bound N-glycans (The Severe Covid-19 GWAS Group, 2020; Zhao et al., 2020).

Other studies have shown evidence of the increased probability of individuals in blood group A to have COVID-19 (Zietz et al., 2020). A possible explanation for this would be the fact that anti-A antibodies could inhibit the interaction of the Spike protein with the ACE-2 receptor (Guillon et al., 2008). Therefore, blood group O appears to be protective, while group A may be more susceptible to the disease. In this way, patients in group A deserve greater attention when infected by SARS-CoV-2, and further molecular studies are also needed to obtain answers regarding the real protective role of the O antigen (Göker et al., 2020).

Another hypothesis is that susceptibility to SARS-CoV-2 may also be related to the composition of the intestinal microbiota. Based on the proteomic profile of patients with COVID-19, Gou et al. (2020) conducted a study in which they observed the direct relationship between the characteristics of the intestinal microbiota of some healthy individuals, generally older, and the abnormal activation of pro-inflammatory cytokines, which can determine the predisposition to the severe form of COVID-19.



Perspectives in the Diagnosis and Treatment of COVID-19: the Contribution of Genetic Analysis

Knowledge of the patients’ immune phenotype/genotype is necessary to understand the complexity of COVID-19 (Mangalmurti and Hunter, 2020). Knowing the changes in the signaling pathways caused by the infection can also contribute to the elucidation of the molecular cascades that trigger infection and the severity of the clinical symptoms. So, it is necessary to find molecular targets and alternatives to prevent the progression of COVID-19 (Catanzaro et al., 2020).

Given the information collected since the pandemic began, it is almost certain that the organism’s success in overcoming COVID-19 is linked to the genetics of each individual, their polymorphisms, their patterns of gene expression, and possibly the diversity of intestinal microbiota. However, there are still no parameters to assess genetic markers in individuals. According to Brest et al. (2020), in view of the multifactorial genetic impact for the risk of SARS-CoV-2 infection and disease severity, there is the possibility of assessing SNP profiles of the ACE2, ADAM17, and TMPRSS2 genes in an attempt to identify vulnerable populations, creating a risk score.

A study that is being conducted at the Center for Human Genome and Stem Cell Studies at the University of São Paulo (Brazil) aims to investigate the genome of super-resistant individuals and individuals susceptible to SARS-CoV-2. It is seeking to understand the factors associated with cases of nonagenarians with diabetes and hypertension that have recovered from the disease and young people with no history of chronic diseases that have died. According to the researchers, individuals who develop severe forms may have so-called “risk genes”, while the infected group that does not develop the severe form of the disease, has “protective genes” (Alisson, 2020). An international consortium, the COVID Human Genetic Effort, is currently focused on investigating naturally resistant individuals and healthy young patients who developed severe symptoms. This group of researchers considers these studies a promising tool to understand the genetic determinants of COVID-19 (Casanova et al., 2020).

In this context, the need for genomic analysis and its application in diagnostic medicine is emphasized, since the identification of some genetic patterns can contribute to the clinical evaluation of patients and the amplification of choices for the treatment of each individual. As in other events related to infectious diseases throughout history, this new stage features the possibility to develop new skills and use different tools to guide and assist health professionals in different phases of the treatment and diagnosis of COVID- 19.
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A major bottleneck in scaling-up COVID-19 testing is the need for sophisticated instruments and well-trained healthcare professionals, which are already overwhelmed due to the pandemic. Moreover, the high-sensitive SARS-CoV-2 diagnostics are contingent on an RNA extraction step, which, in turn, is restricted by constraints in the supply chain. Here, we present CASSPIT (Cas13 Assisted Saliva-based & Smartphone Integrated Testing), which will allow direct use of saliva samples without the need for an extra RNA extraction step for SARS-CoV-2 detection. CASSPIT utilizes CRISPR-Cas13a based SARS-CoV-2 RNA detection, and lateral-flow assay (LFA) readout of the test results. The sample preparation workflow includes an optimized chemical treatment and heat inactivation method, which, when applied to COVID-19 clinical samples, showed a 97% positive agreement with the RNA extraction method. With CASSPIT, LFA based visual limit of detection (LoD) for a given SARS-CoV-2 RNA spiked into the saliva samples was ~200 copies; image analysis-based quantification further improved the analytical sensitivity to ~100 copies. Upon validation of clinical sensitivity on RNA extraction-free saliva samples (n = 76), a 98% agreement between the lateral-flow readout and RT-qPCR data was found (Ct<35). To enable user-friendly test results with provision for data storage and online consultation, we subsequently integrated lateral-flow strips with a smartphone application. We believe CASSPIT will eliminate our reliance on RT-qPCR by providing comparable sensitivity and will be a step toward establishing nucleic acid-based point-of-care (POC) testing for COVID-19.
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Introduction

Multi-step RNA extraction is a bottleneck that impedes mass testing for COVID-19. In this direction, RNA extraction-free assays are more suitable, which also provide a practical solution to develop point-of-care (POC) devices for genetic testing (Kriegova et al., 2020; Wee et al., 2020). Recently, RNA extraction-free methods were optimized on swab samples to detect SARS-CoV-2. The results show comparable sensitivity to RNA extraction methods (Alcoba-Florez et al., 2020; Brown et al., 2020; Bruce et al., 2020; Grant et al., 2020; Hasan et al., 2020; Merindol et al., 2020; Srivatsan et al., 2020; Wee et al., 2020). Similarly, these methods were also optimized on saliva samples (Lalli et al., 2020; Ranoa et al., 2020; Vogels et al., 2020b), although contradictory reports exist regarding sensitivity based on saliva than swab samples for SARS-CoV-2 (Meyerson et al., 2020; To et al., 2020; Williams et al., 2020; Wyllie et al., 2020). Nevertheless, all these studies unanimously suggest that nucleic acid extraction-free detection of SARS-CoV-2 is feasible.

These simple assay workflows have a tremendous potential to minimize the need for laboratory set-up and trained professionals, when integrated with a similar simplified method for detection. At present, the most robust and reliable detection method is based upon RT-qPCR, which is also a gold standard for COVID-19 testing. However, PCR-based detection methods have supply chain constraints to test on a large scale, and if available, may face a shortage of well-trained professionals to conduct the assay. Though, rapid POC tests which have been developed recently can perform mass testing of SARS-CoV-2 (Döhla et al., 2020; Jung et al., 2020) but, most of these tests are based on antigen/antibody detection and thus lack the sensitivity and specificity compared to genetic testing (Döhla et al., 2020). Recent advances in isothermal amplification-based assays provide a unique opportunity to detect nucleic acids under minimal instrument settings. These approaches, like RT-LAMP or RT-RPA, were developed previously and validated recently in SARS-CoV-2 containing clinical samples (Thai et al., 2004; Piepenburg et al., 2006; Lalli et al., 2020; Xia and Chen, 2020). Likewise, these isothermal-based amplification methods also have trade-offs in non-specific amplification (Zou et al., 2020). To circumvent these limitations, more robust methods based on CRISPR-Cas technology are employed, which utilizes collateral activities of Cas12 and Cas13 enzymes (Knott and Doudna, 2018; Li et al., 2019). These methods have been successfully used to detect human pathogens in various clinical samples, such as blood, saliva, and urine (Gootenberg et al., 2017; Chen et al., 2018). Cas12a works on DNA as input sample in a technique named DNA Endonuclease-Targeted CRISPR Trans Reporter (DETECTR). Recently, this technique was optimized to detect COVID-19 in swab samples with accuracy comparable to RT-qPCR (Broughton et al., 2020). Another such technique that detects single-stranded RNA is based on Cas13a, which is validated in many biological samples including saliva, and can reliably detect bacterial and viral pathogens with both LFA and fluorescent-based readout (Gootenberg et al., 2017; Gootenberg et al., 2018; Myhrvold et al., 2018). The technique called SHERLOCK (specific high-sensitivity enzymatic reporter unlocking) has a single-base specificity and single-molecule sensitivity with precision for multiplexing in a single reaction (Gootenberg et al., 2017). The SHERLOCK based diagnostics take advantage of extensive instrument free RPA or RT-RPA based pre-amplification of the nucleic acids, which makes this approach amenable and straightforward for on-site and home testing while at the same time providing better sensitivity and specificity (Gootenberg et al., 2017; Gootenberg et al., 2018; Myhrvold et al., 2018). Recently, SHERLOCK based diagnostics has been standardized and validated for the detection of SARS-CoV-2 in clinical swab samples (Patchsung et al., 2020).

Similarly, tools like All-in-One Dual CRISPR-Cas12a (AIOD-CRISPR) or colorimetric LAMP assay using Cas12a were developed (Ding et al., 2020; Joung et al., 2020). However, optimizing these methods utilized input RNA samples obtained using commercially available kits, which adds to the test’s cost and testing time. As of now, we have not come across any study which has used SHERLOCK based detection on RNA extraction-free clinical saliva samples for COVID-19 testing. In this study, we have clinically validated Cas13a integrated lateral-flow readout to detect SARS-CoV-2 in RNA extraction-free saliva samples. Further, we have developed a semi-quantitative method to provide high-sensitive test results of the lateral-flow test strip and integrated the test strip results with a smartphone application for field-deplorability and home testing.



Methods


Patient Information and Ethical Statement

The work was indented to develop a simple workflow for SARS-CoV-2 detection. The clinical samples collected for the work were used after obtaining Institutional ethical clearance from the Safdarjung Hospital (IEC/VMMC/SJH/Project/2020-07/CC-06). The ethical clearance was also obtained from Jamia Millia Islamia (1/10/290/JMI/IEC/2020). Further, biosafety clearance was obtained from Jamia Millia Islamia (Ref.No.P1/12-21.12.2020). Patient consent was obtained to collect the samples according to the ICMR GCP guidelines.



Sample Collection

A total of 210 clinical saliva samples were collected from Safdarjung hospital from June till November 2020, New Delhi. The saliva samples were collected from the patients at the same time when swab was collected for COVID-19 testing by the hospital. The hospital provided the swab RT-qPCR confirmatory results of 201 samples, while nine samples had no corresponding confirmatory test results done in the hospital and were labeled as blind samples. Initially all the samples were collected in RNAlater solution for validation of the saliva-based detection of SARS-Cov-2 with RT-qPCR. Subsequently, samples were divided into two parts; (part 1) was collected in RNAlater solution, and (part 2) was collected in tubes containing proteinase K (1.25 mg), Triton X-100 (0.5%), and NAC (0.5%). Similarly, samples for longitudinal studies were also collected from two patents (n = 4 each). All the samples were processed in NABL certified (MC-3486) and ICMR approved Diagnostic laboratory for COVID-19 testing following the regulatory guidelines and protocol (360 Diagnostic and Health Services, Noida, U.P., India).

Samples were collected at different time interval in the hospital and stored at −20°C until carried to the facility for further processing. The time between sample collection to processing was around 3 to 5 days.



Plasmids, Primers and Synthetic DNA Fragments

Plasmids corresponding to S and N genes were received as a gift from Krogan laboratory, Department of Cellular and Molecular Pharmacology (San Francisco, CA 94158, USA). These same plasmids are now available with Addgene (#141382 for S gene and #141391 for N gene). After propagating, plasmid DNA was isolated using commercially available DNA isolation kit (Vivantis technologies). For RT-qPCR, 1.0 ng of the DNA was used for respective genes and a set of eight primers were optimized. These primers were synthesized in-house using online primer design tools or obtained based on previously validated sequences such as N-1 primers. The list of the primers is given in Table S1.

Synthetic gene fragments for S gene and Orf1ab corresponding to the sequences given in Table S1, were obtained from Xcelris Genomics, India and Bioserve biotechnologies, India. The gene fragments were synthesized along with the T7 promoter sequence.



Viral RNA Release From Saliva Samples

Various heat-inactivation steps, chemical components and buffers were used to find the optimal assay condition for the detection of the viral RNA. Heat inactivation optimization was done at 37°C for 10 min and 95°C for 5 min. Non-ionic detergents like Triton X-100 (Sigma) and Proteinase K (Sigma, Vivantas, and Promega) were used at various combinations to find the optimal reaction composition. Optimum detection of spiked-in S gene was obtained at a concentration of 1.25 mg/ml for proteinase K and 0.5% of Triton X-100 with either two step heat-inactivation (65°C or 37°C for 10 min and 95°C for 5 min) as well as with a single heat-inactivation step (RT for 15 min and 95°C for 5 min). Further, in order to minimize the interference of the mucoprotein in saliva, mucoactive agents like sodium citrate (Sigma) and ammonium chloride (Sigma); and mucolytic agent N-acetyl cysteine (Sigma) were used at various concentrations.



RNA Extraction and RT-qPCR

RNA extraction was performed as recommended (Qiagen viral RNA extraction kit). 140 μl sample was processed according to the protocol as per manufacturer’s instruction. Final elution of the RNA was done in 30 µl of the elution buffer and 2 μl of the extracted RNA/reaction was used in one-step RT-qPCR analysis using the commercially available RT-qPCR kit for SARS-CoV-2 which contains there targeting genes E, N, and RdRp along with the internal control. Similarly, we also used our in-house optimized primers/probes for validation. For RNA_ExF saliva samples, we used 4 μl of the input saliva sample per reaction. RT-qPCR was performed on Rotor gene Q (Qiagen) with the recommended reaction condition for the commercial kit (Allplex, Seegene). For SP-1 and SP-4, the following RT-qPCR conditions were used: Initial denaturation 95°C for 5 min, second cycle of the reaction include denaturation at 95°C for 30 s, annealing at 62°C for 30 s, and extension at 72°C for 30 s for 40 cycles.



Synthetic Gene Block and T7 Reverse Transcription

To determine the limit of detection (LoD), we generated synthetic gene fragments for S and Orf1ab corresponding to the regions for which crRNA has been previously validated (Zhang Lab protocol, MIT and Table S1). Both single stranded gene fragments were obtained commercially (Xceliris Genomics). Each (1 ng/μl) oligonucleotide fragments were first converted into double strand by end point PCR then purified (0.5 μg/μl) double stranded DNA fragment was used as a template for in vitro transcription reaction using in vitro transcription kit (T7 Ribomax, Promega, cat no P1320). The in vitro transcribed RNA oligonucleotide fragment was then purified using RNA cleanup kit (Vivantis, cat no-GF TR 050) and eluted in a final volume of 50 μl. The purified RNA of the respective gene fragments was used as the standard to determine LoD. Various dilutions of S gene standard RNA were made in nuclease free water corresponding to 100 to 106 copies/μl. Similarly, the standard RNA (105 copies/μl) was spiked into the saliva samples for optimizing various chemical and heat-inactivation conditions.



Expression and Purification of Cas13a Protein

For the expression of Cas13a protein, the pC013-TwinstrepSUMO-huLwCas13a plasmid was transformed into E. coli BL21 (DE3) cells. The transformed cells were grown overnight in 10 ml LB media containing 100 μg/ml ampicillin antibiotic at 37°C/180 rpm in incubator shaker. Next day, 5 ml of the overnight grown culture was inoculated in 1 L LB media containing 100 μg/ml Ampicillin. After reaching the growth of the culture to OD between 0.4 and 0.6, the culture was incubated at 4°C for 30 min. Before induction of the protein, 1 ml of culture was taken for SDS-PAGE analysis. Expression of the protein was induced by adding 1 ml/0.5 M IPTG and 2% glycerol to pre-chilled culture and incubated in cooling (21°C) incubator shaker for 16 h at 300 rpm. After that, the culture was harvested by centrifugation at 6000 rpm for 10 min at 4°C. supernatant was discarded and pellet was lysed in the lysis buffer.



Lysis of the Cell Pellet

The cell pellet was resuspended in lysis buffer (20 mM Tris-HCl pH 8.0, 500 mM NaCl, 1 mM DTT, 1× protease inhibitor cocktail sigma, and 0.5 mg/ml lysozyme). The cell resuspension was lysed by sonication (Sartorius Stedim) using 50% pulse amplitude (on 10 s and off 20 s) until completely lysed. The lysate was centrifuged at 12,000 rpm for 30 min at 4°C. The protein was then applied to a HiTrap SP HP column equilibrated with equilibration buffer (20 mM Tris-HCl pH 8.0, 1 mM DTT, 500 mM NaCl, 15 mM imidazole). The supernatant fraction was passed five times from the column for complete binding of the protein. After washing with the binding buffer to remove nonspecific binders, the recombinant His6–SUMO–LwaCas13a was eluted in a linear gradient (with increasing the concentration of the imidazole from 20 to 500 mM) of elution buffer. The best elution was obtained at 100 mM imidazole. Elution was done in the volume of 5 ml. For the cleavage of His tag, the eluted fraction was supplemented with 20 μl of sumoprotease (Invitrogen #125880-18,1 U/μl) and 7.5 μl of NP-40. The reaction mixture was added to the column and incubated at 4°C for overnight with gentle shaking. Next day, cleaved native LwaCas13a protein was obtained by draining the column. After draining of the column, it was washed with elution buffer containing 500 mM imidazole to ensure the complete cleavage of His-tag from LwaCas13a protein.

The drained native protein was subjected to concentration to 0.25 ml using centrifugal spin filter (50 MWCO-MERCK millipore) at 4000 rpm for 15 min at 4°C. Then 5 ml of protein storage buffer (1M Tris-HCl pH 7.5, 5M NaCl, 5% glycerol and 10 μl DTT) was added to the same filter and again centrifuged at the same condition. Storage buffer containing native Lw-Cas13a protein was diluted to 2 mg/ml in storage buffer and stored at −20°C, as described previously (Kellner et al., 2019).



RT-RPA and SHERLOCK Assay

As described previously (Gootenberg et al., 2017; Kellner et al., 2019), RT-RPA was performed using the commercially available RPA kit (TwistDx). First, each RPA tube was divided into four reaction tubes by diluting the lyophilized mix in the RPA buffer (40 μl). For LoD, forward and reverse RT-RPA primers were added 1 μl (10 μM stock) to each reaction tube along with 1 μl of reverse transcriptase enzyme (EpiScript). 4 μl of various dilutions of the standard RNA for S and Orf1ab were used as template (0 to 4000 copies/reaction). For RNA extraction-free samples, a total of 8 μl of sample input was used and the reaction components were adjusted accordingly. The reaction was initiated by adding 0.7 μl of magnesium acetate (280 mM stock). All the reagents were prepared and mixed at 4°C. Finally, the reaction mix was incubated at 42°C for 25 min and tapped in between after every 3 and 5 min. Particularly, tapping of the samples was found to exhibit better results than without and is highly recommended henceforth.

SHERLOCK assay of the above reaction mix was performed in a separate 1.5 ml Eppendorf tube which contains 1 μl of the Cas13a either from extracted pool or commercially (MCLAB, USA, Cat no. CAS13a-200) obtained source (at 63.3 μg/ml concentration), 1 μl RNase inhibitor (20 U per μl stock; Invitrogen), 0.6 μl T7 RNA polymerase (50 U per μl stock; Lucigen), 1 μl of crRNA for the respective genes (Synthego), 1 μl of MgCl2 (120 mM), 0.8 μl of rNTP mix (100 mM), 2 µl of cleavage Buffer (400 mM Tris pH 7.4), and 1 μl (20 μM) reporter. 6 μl of the RPA mix from RNA extracted samples were used per reaction. The final volume of the reaction mix was adjusted to 20 μl with RNase free water. The reaction mix was incubated at 37°C for 20–25 min.



Lateral-Flow Assay Detection

The SHERLOCK reaction mix was subjected to lateral-flow assay using the commercially available test trips and buffer (Millenia Biotec). To the above reaction mix 80 μl buffer (HybriDetect assay) was added, provided with the kit. The visual readout of the test results were obtained by dipping the test strips (Milenia Biotech1T) into the respective 1.5 ml Eppendorf tubes and the reaction mix was allowed to flow for 2 min.



Analysis of the Lateral-Flow Signal to Provide a Semi-Quantitative Estimate of the Results

To provide a semi-quantitative analysis of the lateral-flow readout, we used Fiji image J software to analyze the signal in the respective T and C bands. The corresponding band intensity of the test lane (T) and control lane (C) were calculated using integrated density parameter. The image of each strip was captured using a mobile phone (width = 50, height = 220). For the quantification, the image was further cropped to image size 40 × 220 which thus removed the outliers from the image. Any background noise from the image was subtracted using the rolling ball background subtraction method by keeping radius = 50. All the images (40 × 220) were further thresholded by applying lower threshold value 0 and the upper threshold values between 240 and 245. Finally, the single band was segmented from each image in the frame size of 30 × 30 and integrated density was analyzed for the respective bands. The threshold value of T/C was calculated and found to be 0.15 above which the samples could be labeled as positive.



Smartphone Application for Lateral-Flow Test Results

The mobile application for detection and quantification of lateral-flow strips was developed using machine learning tools. The algorithm was implemented using the OpenCV package v.4.3.0 in Python 3.7.3. The Android App was developed with Android Studio v4.2 RC 2 (Google) with Java 8 and Gradle v4.1.0. To provide a clean user interface, the main screen was limited to a “COVID-19 Test” bottom tab button that opens up an in-app camera view to capture the image followed by custom image edit options. The image acquisition is only allowed through the mobile application to accurate documentation of taken images and test results. The image captured in the application is obtained as a Uri object, that is used for conversion to a byte’s array. In order to obtain the image analysis outcome, the bytes array obtained is passed as an argument to the Python backend script running through Chaquopy v6.3.0 that is a software development kit used in Android development environment. The bytes array image is further processed by the integrated image analysis module of the application. In the first image pre-processing step, the acquired image is converted to grayscale and region of interest is localized in the image through adaptive thresholding and edge detection techniques. In the next step, the perspective and orientation corrections are performed on the image which are present due to un-controlled mobile imaging. The shape of the strip and marker are two primary cues used for the aforementioned corrections. The resultant image is centered around the localize region of interest and cropped to obtained the strip area image to a fixed scale. The sample and control band image regions are detected from the cropped image based on the known strip structure and darker intensity profile of the bands. The mean intensity of each band region is obtained and ratio of the sample to control band in then calculated and displayed on the mobile application to the user along with the cropped strip image. The mean intensity of the sample band region is scaled to the range of 0 to 1w.r.t a pre-defined reference point in situation when control band has weak visual appearance (signature).

The mobile application can be downloaded using the link: https://bit.ly/research-app.



Statistical Analysis

Statistical analysis of the samples was performed using GraphPad8 Prism. Spearman correlation coefficient was used for correlation analysis. Non-parametric t test was used to compare the mean difference between two data sets as mentioned in the results.




Results


Optimization and Validation of SARS-CoV-2 Detection in Clinical Saliva Samples

We used plasmids containing S and N genes of SARS-CoV-2, respectively, to standardize RT-qPCR, using CDC-approved and in-house designed primers. Among a set of eight primers tested, two primer pairs for S gene (S-P-1, S-P-4) and CDC verified primer for N gene (N1) generated a single amplicon, with S gene amplification slightly better than N1 at same plasmid DNA concentration. RT-qPCR further confirmed these results (Figure 1A; Figure S1; Table S1). To determine the limit of detection (LoD), we generated S gene synthetic fragments containing T7 polymerase corresponding to the region flanking amplified sequence by S-P-1 primer. The synthetic DNA fragments were subsequently converted to RNA using an in-vitro transcription assay, following which the transcribed RNA was extracted, purified, and quantified (see Methods). We performed an RT-qPCR reaction with various purified RNA dilutions and plotted the corresponding Ct values against the known concentration (Figure 1B). Using S-P-1 primer and probe pair, we detected up to a single copy of RNA of S gene corresponding to Ct value <39.26. This LoD obtained for S gene agrees with the analytical sensitivity defined for the N gene (Vogels et al., 2020a).




Figure 1 | Validation of saliva-based detection of SARS-CoV-2 in clinical samples (A) Standardization of SARS-CoV-2 specific primer pairs for S and N gene. Primers are labeled as S-P1 to S-P-4 for S gene and N-P1 to N-P-3 for N gene, N1 represents the CDC approved primer for N gene. Dotted line indicates lower level of detection; ND indicates not detected (B) Determination of limit of detection using RNA of S spiked into RNase free water with serial dilutions. (C) RNA extracted from four normal saliva samples was used at various copy numbers to find any interference for detection of spiked-in SARS-CoV-2 S gene RNA. (D) Heat map of 105 saliva samples showing RT-qPCR results represented as Ct values for E, N, RdRp and S genes respectively. The test results of these samples were validated by the hospital using swab samples, and represented as Swab. IC is the internal control. Green boxes represent the samples with Ct values not detected and were labeled as SARS-CoV-2 negative, and yellow boxes indicate swab samples positive for SARS-CoV-2. (E1-E3) Shows the Ct value comparison between S gene with E, RdRp, and N gene respectively. (F1-F3) Shows the spearman correlation of Ct values between S gene with E, RdRp, and N gene respectively.



Similarly, we used RNA extracted from four saliva samples of the volunteers to find any cross-reactivity. These samples were collected in 2018 for an unrelated study and stored at −80°C. Similar amplification profile and LoD was obtained with spiked-in RNA in these samples, while lack of amplification without spiked-in RNA suggests that no interference and no-cross reactivity exists with the RNA from the saliva samples (Figure 1C). After finding LoD, we used these same sets of primer/probes along with N1, RdRp, and E gene and performed RT-qPCR in the clinical saliva samples using a commercially available kit.

We obtained 113 clinical saliva samples from patients with matched swabs tested at Safdarjung Hospital, New Delhi. Based on the swab results for which the hospital performed the RT-qPCR, 82 samples were positive, and 31 were negative. We extracted RNA from these samples using the viral RNA extraction kit (see Methods) followed by one-step RT-qPCR analysis using the commercially available kit and compared the results with our in-house optimized protocol. Based on previous reports and the LoD derived for S gene, we set the upper limit for detection at Ct < 40 to mark the sample as positive, and samples with Ct above 40 were marked negative. In the initial screening, eight samples (six positive and two negative) showed no detectable signal for internal control and hence were eliminated for the analysis. Thus, a total of 105 saliva samples (76 positive and 29 negative) were used to perform the RT-qPCR. We found 98.7% positive agreement with swab results with at least one of the primer/probe sets tested. Individually, we found 97.4% agreement for E and S gene, 89.6% for the E gene, and 90.9% for RdRp.

Among the negative samples, all the primer/probes for E, RdRp and S showed a 100% positive agreement, while one sample with a negative swab result also showed a positive signal for the N-1 gene primer/probe (Figure 1D). Comparative analysis of our in-house optimized protocol with a commercially available kit revealed a close correlation of S gene with N (r = 0.887) (Figures 1E3, F3), which was comparatively better than comparison for S gene with E gene (Figures 1E1, F1) and RdRp (Figures 1E2, F2). Thus, our in-house optimized RT-qPCR method is in high-agreement with the CDC-approved N-1 gene-based amplification. Further, these results confirm that saliva and swab samples have a high degree of consistency, and saliva can decisively detect SARS-CoV-2 in COVID-19 patients. Our results confirm the findings of the previously published reports which have demonstrated the use of saliva as a reliable clinical sample for detecting SARS-CoV-2 with a detection limit and sensitivity comparable with the nasopharyngeal and oropharyngeal swab (hereafter swab) (Fakheran et al., 2020; Procop et al., 2020). While some other reports have shown slightly better analytical sensitivity of saliva samples (0.98 virus RNA copies/ml) than other biological fluids for SARS-CoV-2 detection (Wyllie et al., 2020), we did not perform a direct comparison.




Figure 2 | RNA extraction-free detection of SARS-CoV-2 in saliva samples (A) Heat map of Ct values obtained with 105 copies of S gene standard RNA spiked into normal saliva and subjected to various heat inactivation and chemical treatments. PK: Proteinase K; NAC: N-acetyl cysteine and TX100: Triton X-100. Saliva samples with water was used instead of spiked-in RNA as negative control, which showed no detectable Ct value; blue boxes. (B) Standard curve showing various dilutions of S gene RNA spiked into normal saliva to obtain the LoD. (C1, C2) Comparison of Ct detected when S gene RNA was spiked into the saliva samples of eight SARS-CoV-2 negative volunteers vs the same spiked into water as control. (D) Optimization of various RNA storage agents like RNAlater, guanidinium hydrochloride (GuHCL) and without RNA storage agent for detection of SARS-CoV-2 in eight clinical saliva samples. (E) Comparison of N and S gene amplification in saliva samples after undergoing heat and chemical denaturation. (F) Heat map of Ct values obtained for N gene for 76 samples with RNA extraction (N-RNA_Ex) and RNA extraction-free (N-RNA_ExF) method. Human RNaseP (RP) was used as the experimental control to find the RNA integrity of the samples used. Green boxes represent the samples with not detected Ct values. (G) Shows the individual Ct values of N-RNA-Ex and N-RNA_ExF along with the RNaseP with dotted line indicating lower level of detection. (H) Correlation of Ct values between N-RNA_Ex and N-RNA_ExF method (I) Median of Ct values of two methods as indicated by solid lines. The dotted line represents lower Ct value below which samples were labeled as not detected (ND). (J) Comparison of Ct values obtained from saliva samples when stored at room temperature (RT) for 6 h with same samples processed without storage (direct).






Figure 3 | Optimization of SHERLOCK-based detection on extraction free saliva samples (A) Schematic representation of various steps involved in SHERLOCK-based detection when the starting genetic material is RNA. Cas13a enzyme is used for the target recognition and reporter cleavage. For visual detection using LFA, RNA reporter molecule conjugated with 6-Carboxyfluorescein (FAM) and biotin is used. (B) Images of paper-strips after lateral-flow assay obtained from spiked-in saliva samples using S gene standard RNA with a range from 0 to 4, 000 copies of RNA/reaction. A consistent detection of test lane signal was obtained in all three samples with 200 copies of RNA, which was considered as LoD for visual readout. (C) Similarly, Orf1ab standard RNA was subjected to LFA and paper-strip images were obtained. The LoD for Orf1ab was found to be higher than S gene at 400 copies/reaction.





RNA Extraction-Free Detection of SARS-CoV-2 in Clinical Saliva Samples

A major hurdle in COVID-19 testing is the need for viral RNA extraction, which poses a challenge to speed-up the testing. We envisioned to use a simple RNA extraction-free (hereafter, RNA_ExF) method and validate its analytical sensitivity on SARS-CoV-2 clinical samples. Recently, several RNA_ExF methods were employed to test their analytical sensitivity in clinical samples; however, these methods have their own benefits and limitations (Alcoba-Florez et al., 2020; Brown et al., 2020; Bruce et al., 2020; Grant et al., 2020; Hasan et al., 2020; Merindol et al., 2020; Srivatsan et al., 2020; Wee et al., 2020). Thus, we aimed to develop a more sensitive workflow for the RNA extraction-free testing of saliva samples. We initially optimized Proteinase K concentration under various heat inactivation conditions and tested by introducing 105 copies of the S gene into the normal saliva. We found that at a concentration of 1.25 mg and dual heat inactivation (37°C for 10 min and 95°C for 5 min), a better analytical sensitivity could be obtained in comparison to the heating of samples at 65°C or with higher concentrations of Proteinase K (Figure 2A). While at all concentrations tested, the detection limit was relatively less than the samples in which the S gene was spiked into RNase free water. As saliva contains mucoproteins, which may interfere with the detection, we next tried mucoactive chemicals (sodium citrate and ammonium chloride) and mucolytic agent N acetylcysteine (NAC).

Interestingly, we found that samples treated with NAC exhibited relatively better detection than other mucoactive agents. We also used Triton X-100 in the formulation and found that addition of this non-ionic detergent at concentrations of 0.25-2% did not interfere with detection, and hence may aide in release of viral RNA when applied to clinical samples (Figure 2A). Thus, we found an optimal heat inactivation method (37°C for 10 min and 95°C for 5 min) and chemical composition which consists of proteinase K (1.25 mg/ml), NAC (0.5%), and Triton X-100 (0.5%), to provide a simple buffer formulation for saliva-based detection of SARS-CoV-2.

To obtain the LoD, we used spiked-in S standard RNA into the saliva samples and performed chemical treatment and heat inactivation. We could accurately detect as low as 10 copies of RNA/reaction, which though slightly lesser compared to a single copy detection when RNA was spiked-in water (Figure 2B). We further tested this buffer’s sensitivity and heat inactivation on eight saliva samples collected from volunteers in 2018 for an unrelated study. In comparison to the RNA spiked in water, we could detect the amplification in all saliva samples, while a slight increase in Ct values was observed, with a difference in the mean Ct of 2.169 ± 0.9526 (Figures 2C1, C2). Collectively, these results indicate that an optimized buffer and heat inactivation conditions are suitable for RNA detection in saliva samples with an RNA_ExF free workflow.

Based on the results that RNAlater solution maintains the RNA quality and detection sensitivity in clinical samples (above, Figure 1D), we initially used RNAlater solution and guanidine hydrochloride (GuHCL) to collect the saliva samples for validation using RNA_ExF workflow. We gave three sets of tubes for sample collection; the set-I with RNAlater, set-II with GuHCL, and set-III without any solvent. A total of eight samples collected from the same patients were obtained and used for the analysis. We found that both GuHCL and RNAlater inhibited the assay detection with our optimized chemical and heat treatment. Simultaneously, the direct use of the samples without preservatives showed better detection (Figure 2D). Thus, these results suggest that the collection of saliva directly into the collection tube without any chemical or RNA preservative is optimal for RNA_ExF detection of SARS-CoV-2.

Next, we used the same optimized protocol to validate the analytical sensitivity of this workflow on 83 additional clinical samples. Each collected sample was divided into two separate tubes, one containing the RNAlater solution, and in the other tube, saliva was collected without any solvent. The samples collected in RNAlater were subjected to RNA extraction using the kit-based method, while samples collected without any solvent underwent chemical treatment and heat inactivation and were directly used for RT-qPCR analysis. Initially, we tested N and S primer sensitivity with the RNA extraction-free method and performed the assay in four samples. A slightly better sensitivity was detected when we used N primer in samples with RNA extraction-free method (Figure 2E). This discrepancy in the sensitivity of these two genes could be due to small amplicon size of N (72 bp) than S (112 bp). So, we used N primer and the RNaseP (RP) for the subsequent screening of the clinical samples. We used RP for initial screening to qualify the sample for comparative analysis between the RNA extraction and the extraction-free method. Only those samples with a detectable Ct value for RP (76 out of 83 samples) were qualified and further used in this study.

As shown in (Figure 2F), 76 samples of COVID-19 were tested with RNA extraction-based method, out of which 47 tested positive, while 29 showed no detectable signal and were marked negative. With our optimized RNA extraction-free workflow, 45 out of 47 samples showed positive and 29 out of 29 showed negative results, with an overall 95.7% agreement for positive test samples and 100% agreement for the negative samples (Figures 2F, G). The two samples that showed no detectable signal in the RNA extraction-free method had a comparatively high Ct value obtained with the RNA extraction method (Ct: 37) (Figure 2I). Though the Ct values were slightly higher with the RNA extraction-free method, with a difference between the means of the two methods at 2.545 ± 1.158. Correlation analysis of Ct values reveal high degree of correlation between RNA extraction-free workflow with the RNA extraction method (spearmen coefficient, rs = 0.937) (Figure 2H). Overall, these results suggest that saliva can be directly used for the detection of SARS-CoV-2 without the need for costly and time-consuming RNA extraction steps. This simple extraction free workflow thus overcomes the time-consuming and expensive RNA extraction step for SARS-CoV-2 detection and hence will eliminate the supply chain constrain and need for laboratory set-up to perform the assay.

To determine the sample stability over time, we conducted the assay on four SARS-CoV-2 saliva samples stored at room temperature. We observed no significant difference in the analytic sensitivity of the samples when stored up to 6 h (Figure 2J). Thus, these results suggest the feasibility of home collection of the saliva samples without technical assistance, cold storage, or viral transport medium.



Cas13a Based Detection of SARS-CoV-2 in Saliva Samples

After validating RNA_ExF detection of SARS-CoV-2 in saliva samples, we next explored detection methods, which are (1) relatively instrument-free, (2) previously validated for SARS-CoV-2, and (3) exhibit sensitivity consistent with RT-qPCR. To meet this criterion, we found the SHERLOCK-based detection method to be the most appropriate, which was also recently approved by the US FDA. SHERLOCK relies upon the collateral activity of Cas13a to cleave the colorimetric or a fluorescent reporter once the target molecule is detected (Figure 3A). To use this method on our optimized workflow, we obtained commercially synthesized and previously verified crRNA sequences for the S gene spanning the region for which we validated the RT-qPCR assay (Table S1). Similarly, we also obtained crRNA corresponding to the Orf1ab gene (Zhang lab, MIT). Cas13a was isolated from an Addgene plasmid (#90097) which was a kind gift from the Zhang Lab, MIT. The plasmid was propagated and purified based on the published protocol (Patchsung et al., 2020). Using the methodology employed by Kellner et al., we first performed SHERLOCK on standard RNA corresponding to S and Orf1ab to validate this method (Kellner et al., 2019). In addition, we also obtained the recombinant Cas13a from the commercial source to confirm the results.

Previous studies have shown that both fluorescence-based detection and lateral-flow readouts using paper-strip can be accurately used to demonstrate the working principle of this method. Considering the ease-of-use, instrument-free detection, and cost-effectiveness, we choose the lateral-flow readout to validate this method and correlated it with the corresponding RT-qPCR data. A range of various dilutions of the standard RNA spiked-in control saliva was run, and the lateral-flow readouts were labeled as positive or negative by visual detection. As shown in Figure 3B, a consistent increase in the positive signal in the test lane was obtained, which corresponded to the lowest RNA copy number of 200 copies/reaction for the S gene with 100% detection sensitivity with a corresponding Ct value of 35.4. In comparison, the detection limit for Orf1ab was lower at 400 copies/reaction (Figure 3C). The LoD for the S gene was slightly higher than the spiked-in RNA samples, which is consistent with the results from other groups (100 copies/reaction for the S gene) (Joung et al., 2020). This discrepancy is probably due to the sample processing and assay for detection. While the study by Joung et al. used spiked-in RNA samples followed by RNA extraction, and Cas12-based detection; we used RNA_ExF samples and employed Cas13-based detection. Overall, these results confirm the previous reports which show that SHERLOCK-based approach integrated with visual lateral-flow readout can be used for SARS-CoV-2 detection.



Validation of SHERLOCK-Based Detection on RNA Extraction-Free Saliva Samples

To make this tool affordable and accessible with a provision for field testing, we next performed SHERLOCK on the optimized RNA_ExF saliva samples. We divided the samples into four groups based on the Ct values. Group I with Ct > 25; group II with Ct between 26 and 30; group III with Ct between 31 and 35, and group IV with Ct < 36, with five samples in each group. Corroborating the RT-qPCR, 39 out of 40 positive sample also showed a positive signal with an LFA readout with Ct values below 35 (Figure 4A and Supplementary Figure 2A). Thus, SHERLOCK was in 98% agreement with the Ct values below 35, and by combining this method with RNA extraction-free saliva samples, we could obtain comparable sensitivity to the RNA extraction method for SARS-CoV-2 detection, as reported by others (Patchsung et al., 2020). To further validate the reliability of this approach, we performed a longitudinal detection analysis of the clinical samples. For this, we selected two patients who have been four times sampled (both swab and saliva) at the hospital at different time intervals after the symptom onset. We used the saliva samples and performed SHERLOCK assay, followed by lateral flow readout of the test results. We found that the SHERLOCK-based detection accurately confirmed the findings of the RT-qPCR swab results (performed in the hospital) in these test samples (Supplementary Figures 2B1, B2). Taken together, these results confirm that SHERLOCK-based diagnosis provides a reliable and extensive instrument free method for SARS-CoV-2, without compromising the assay’s analytical sensitivity.




Figure 4 | Validation of SHERLOCK on RNA extraction-free saliva samples (A) RNA extraction-free samples were used for the detection with SHERLOCK-based method using visual lateral-flow. Samples were divided into five groups, based on the Ct values with Group-I Ct below 25; Group-II Ct between 26-30, Group-III Ct between 31-35, Group-IV Ct above 36, and Group-V Ct not detected (ND). The LFA images of samples with respective Ct values is shown along with the patient ID corresponding to samples in (Figure 2). (B) Representative images of the seven paperstrips with 200, 100, 50, and 0 RNA copies spiked-in to the saliva samples and subjected to SHERLOCK. (C) To obtain semi-quantitative analysis of the data, 10 images of paper-strips corresponding to 200, 100, 50, and 0 RNA copies as shown in Figure 3B and Figure 4B, were subjected to image quantitation. The threshold value (T/C ratio) was obtained based on the signal in the control (C) and test (T) lane. The T/C ratio was considered positive above the background value of 0.15. Based on T/C ratio, the detection sensitivity was found to be 80% with100 copies of RNA and 100% above 200 copies of RNA per reaction. (D) Similarly, visual results of paper-strips shown in Figure 4A, were subjected to signal quantitation and T/C ratio was calculated. One sample (blue arrow head, ID: 39), which was difficult to characterize by visual detection, was correctly characterized as positive using T/C ratio (blue arrow head).





Semi-Quantitative Analysis of the LFA Signal With Provision for Smartphone Application

The limitation with lateral-flow readout using visual detection is that sometimes a weak signal may appear in the test lane. This usually occurs if too little or too much (High Dose Hook Effect) of the reporter molecule is used. Thus, a very precise amount of the reporter has to be added, which otherwise may interfere with test results. However, under laboratory free settings such as POCT and for home testing, the precision in handling may be challenging and it is expected that a background signal may appear in the test lane, which may sometimes be difficult to interpret by naked eye. Further, based on our results and previously published studies (Patchsung et al., 2020), SHERLOCK with visual readout performs exceedingly well with samples at a higher copy number of the analyte. Though, the interpretation of results become difficult when samples with very low copies of analytes are present, where the signal in the test lane may be close to the background, which besides the above-mentioned issues may also in some instances appear due to non-specific probe degradation (Patchsung et al., 2020). Thus, to determine the background signal and differentiate between the noise and actual signal, we used ten replicates of negative control and samples with 50, 100, and 200 copies of RNA/reaction spiked into normal saliva and subjected to chemical treatment and heat inactivation, respectively (Figure 4B). The SHERLOCK assay was done and the paper-strip images were obtained and processed using Image J (see Methods). A threshold value was generated based on the ratio of signal intensity in test lane to control lane (T/C) corresponding to no RNA and three known concentrations of standard RNA. Based on the signal obtained from negative samples, we obtained a threshold value with a T/C ratio of 0.15, and below this ratio, the samples were labeled as negative (Figure 4C). By quantifying the signal of various dilutions, all samples with 200 copies of RNA showed T/C ratio above threshold (positive). In samples with 100 copies, nine showed positive T/C ratio, though most of these sample results were difficult to interpret by visual detection. Thus, we set this new LoD to 100 copies based on signal quantitation, which corresponded to a Ct value of about 36.32 (Figure 4C).

Next, we quantified the signal from the respective positive and negative clinical samples. A 100% agreement was observed in the negative samples between visual and T/C ratio. Similarly, samples with Ct > 35 also showed 100% agreement. Surprisingly, among five samples with Ct < 36, two showed T/C signal above threshold, in contrast to one sample detected by the visual readout (Figure 4D). Thus, while visual detection accurately detects the signal below a Ct value of 35, it suffers the detection limit in samples with very low viral RNA copy numbers. Under such circumstances, a semi-quantitative approach is more feasible, as quantitation is provided based on the ratio between the test and the control lane instead of solely relying on the signal at the test lane. Overall, these results suggest that LFA signals obtained using RNA_ExF saliva samples can be precisely quantified and correlated with Ct values to give a fair estimate of the viral load (at higher Ct) and further enhance the analytical sensitivity.

To further ease the interpretation of test results, we developed mobile application and integrated it with the lateral-flow test strips (Figure 5, Video 1 and Video 2). The smartphone application has also provision to save the test results which can be easily accessed for research purpose. Further, the application has an online consultation option, which the patients can access to get immediate help related in performing the assay – an important development when performing home testing. The mobile application can be downloaded using the link given in the methods.




Figure 5 | Schematic representation of the CASSPIT workflow (A) Self-collection of saliva samples by the patient in a sample collection tube which contains the RNA release chemical agents. (B) The samples will be subjected to heat inactivation to inactivate the virus and simultaneously release the viral RNA. (C) Released RNA will be transferred into one-pot or two-pot SHERLOCK master mix tube to amplify the signal with RT-RPA and detect the target by Cas13a. After target detection, activated Cas13 will cleave the reporter. (D) Paper-strips will be immersed in the SHERLOCK reaction mix and subjected to LFA to obtain the visual results. (E) Using mobile phone camera, images of the paper-strip will be captured and subjected to processed using the app. Test results will be provided based on the signal detection in Test and Control lanes of the paper-strip. (F) Further the app will have a provision to store the images, test results and help with online assistance if needed. The overall workflow with saliva as test samples is named as Cas13 Assisted Saliva-based & Smartphone Integrated Testing (CASSPIT).






Discussion

Considering the impact of COVID-19 on global health and economy, it is imperative to have at our disposal field-deployable diagnostic test kits that are robust, cost-effective, specific, and sensitive. The onset of COVID-19 pandemic has witnessed an upsurge in molecular diagnostics of SARS-CoV-2, but only a few of them have sensitivity and specificity comparable to the gold standard RT-qPCR, especially those based on nucleic acid detection such as CRISPR-Cas system (Broughton et al., 2020; Patchsung et al., 2020). However, the major challenge to use these tools as a POC device for field testing or home testing persists. In addition, workflow of these methods is contingent on additional RNA extraction steps that require trained professionals and sophisticated laboratory set-up and instrumentation to perform the assay. Considering these fundamental challenges, we developed, optimized, and validated the use of a simple workflow to detect SARS-CoV-2 in saliva samples for the following reasons: (1) saliva can be self-collected with ease to minimize direct contact with the healthcare workers, and to reduce handling errors; (2) repeated sampling is feasible without incurring discomfort to the patient, with a reasonably uniform sample distribution; and (3) higher stability of the SARS-CoV-2 in saliva even when stored at room temperature (up to 7 days) (Vogels et al., 2020b).

Initially, we validated the analytical sensitivity of clinical saliva samples following RNA-extraction and RT-qPCR assay for detection, and found a close agreement with corresponding swab test results performed by the hospital. Next, we developed a simple workflow to detect SARS-CoV-2 in saliva samples without need for an extra and time-consuming RNA-extraction step. Optimization of this workflow was challenging as unlike other biological fluids, the molecular composition of saliva hinders RNA detection, besides being more amenable to RNases (Ochert et al., 1994; Ostheim et al., 2020). Also, SARS-CoV-2 being an enveloped virus, the RNA release condition had to be optimized so that its degradation is minimized. Working on various chemical treatments and heat inactivation steps, we formulated a unique buffer composition containing the optimal concentration of Proteinase K, Triton X-100, and N-acetyl cysteine, followed by heat inactivation. Together this buffer and heat condition were sufficient to cause the release SARS-CoV-2 RNA and maintain its stability. On testing this workflow on clinical samples, we found a close agreement with the kit-based RNA extraction method, which is used for detection of SARS-CoV-2. Our results were thus consistent with previous reports on the use of RNA extraction-free detection of SARS-CoV-2 (Alcoba-Florez et al., 2020; Brown et al., 2020; Bruce et al., 2020; Grant et al., 2020; Hasan et al., 2020; Merindol et al., 2020; Srivatsan et al., 2020; Vogels et al., 2020b; Wee et al., 2020).

To further simplify the diagnostic workflow, we have optimized the RNA extraction-free detection of SARS-CoV-2 with two-(step)pot SHERLOCK, which relies on the collateral activity of Cas13a—recently validated on clinical COVID-19 samples (Hou et al., 2020; Patchsung et al., 2020). Our results indicate that the two-pot SHERLOCK and RT-RPA reaction works exceedingly well in saliva samples with RNA extraction-free method, and found 98% positive agreement with the RT-qPCR data, with Ct>35, corresponding to approximately 200 copies/reaction. In view of the reports that most SARS-CoV-2 patients have a cutoff Ct values around this range (33.5 for E; 33.5 for RdRp; and 34.5 for N gene) (Uhm et al., 2020), our approach can be reliably used as an alternate to RT-qPCR with provision for RNA_ExF free workflow. The LoD which we obtained for extraction free saliva samples with a two-pot reaction is slightly lower than what others found when RNA-extraction methods were used (Patchsung et al., 2020). This could be due to: (1) High DNA, proteins, and other ions present in saliva, which interferes with the detection, irrespective of the type of detection method used, i.e., RT-qPCR or SHERLOCK (Ochert et al., 1994; Ostheim et al., 2020). (2) Ambiguity in visual detection, when the test lane signal is shallow and difficult to differentiate by the naked eye.

Thus, to further improve the detection sensitivity of these test results, we employed image-based signal quantification of lateral-flow strips. With this approach, we obtained a T/C threshold ratio, which differentiated between the positive and negative samples more precisely than visual readout, and obtained an improved LoD of 100 copies of RNA per reaction. This improved LoD based on T/C ratio is similar to the LoD obtained by Joung et al. (100 copies/reaction) with one-pot Cas12a and RT-LAMP reaction (Joung et al., 2020). Other groups have attained slightly better sensitivity with two-pot reaction. Using Cas12a and RT-LAMP, Broughton et al. achieved an LoD of 24 copies/reaction with lateral-flow readout on SARS-CoV-2 clinical samples (Broughton et al., 2020). Similarly, using Cas13a and RT-RPA, Patchsung et al. achieved an LoD of 42 copies/reaction in spiked-in saliva or nasopharyngeal samples (Patchsung et al., 2020). Thus, these studies indicate that there is scope to further improve the analytical sensitivity of RNA_ExF workflow.

Another disadvantage of paper-strip-based methods is that these test results are difficult to access for clinical studies. That includes data for survey, vaccine trials, or testing other therapeutic interventions. To overcome this challenge, we integrated the lateral-flow readout with a mobile application with provision for offline or online mode. The smartphone integrated workflow will thus provide an accurate estimate of the signal in test vs control lane, that will remove any ambiguity associated with visual detection. Further, this application will provide access to image files, patient clinical parameters, and LFA quantitative results. A video demonstration of a saliva-based workflow integrated with the mobile application is shown (Video 1 and Video 2).

In summary, we provide a simple workflow for SARS-CoV-2 detection, which is a unique addition to the rapid, cost-effective, and straightforward diagnostic methods. Such user-friendly testing methods have an immediate application under the settings where trained professionals and costly instruments are limited. Further, owing to the high-sensitivity and high-specificity of Cas13a, our optimized workflow on saliva samples could provide a rapid and better alternative to the existing detection methods and speed up the testing. We envision that in coming time, CRISPR Diagnostics based on either Cas13a or a similar method which utilizes Cas12 (Broughton et al., 2020; Nguyen et al., 2020) and integrated with a smartphone-based readout (Ning et al., 2020) will be a better alternative to RT-qPCR based testing under resource limiting settings. Moreover, integrating CRISPR Diagnostics with RNA extraction-free workflow and smartphone application will provide an alternative to error-prone rapid antigen tests to scale-up COVID-19 testing across resource-constrained areas and intensify trace, test, and treat strategy for COVID-19.

The future of CRISPR Diagnostics is promising as it provides rapid, accurate, low cost, and laboratory free genetic testing. Our study has shown feasibility of this diagnostic approach with RNA extraction-free saliva samples which can be extended to home testing. There is still scope to further improve these tools, especially for use in fully instrument free settings and without pre-amplification step. While a recent study has provided an improved version of CRISPR Diagnostics, which bypasses the amplification step (Fozouni et al., 2020), more optimization is needed to provide a fully instrument-free diagnostic platform. Importantly, CRISPR Diagnostics has the provision to detect single nucleotide mismatches and hence will serve as a rapid diagnostic tool to detect any new mutations arising in the SARS-CoV-2 genome (Kirby, 2021). Some of these mutations have already been shown spreading at a higher rate and thus it is imperative to adopt and deploy CRISPR-based diagnostics to extensively screen the transmission of these new SARS-CoV-2 strains.
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Supplementary Video 1 | After opening the mobile application which is named as MI-SEHAT, the user will be directed to enter the details like age and name (optional). For COVID-19 test, user will click on the tab “COVID-19 test” which will open the mobile phone camera. For simplicity we have used a dummy cassette which will hold the test strip and trained the software along with the cassette. The user will select a region which should include the blue mark, and the two lines below the area where CASSPIT is written. After clicking the image, the software will display the result, which in the given example are positive, as only two bands are detected one in the control lane and another in the test lane. The user will have an option to save the test results for future use or to consult the team of experts regarding any query related to the assay. The software has also provision to provide a signal quantitation of the test results which are displayed as score. In positive samples the test score above 0.15.

Supplementary Video 2 | This is an example of a negative test result, where only one band can be seen (control lane). The test score is also displayed, which in case of negative samples will be below 0.15.

Supplementary Figure 1 | Standardization of various primers for the detection of SARS-CoV-2. (A) Detection of S gene amplicon by performing RT-qPCR using the S-P-1 primers. The desired amplicon size was obtained under all the annealing temperatures tested (112bp). S gene plasmid was used as template. (B) Similarly, S-P-4 primer for S gene amplification was used (134bp). (C) CDC-approved N-1 primer was used for PCR on N gene plasmid with a single amplicon (72bp) (D) PCR was performed using N-P1 primer which produced multiple amplicons. Black arrow head indicates the predicted amplicon size. The sequence of the respective primers is given in Supplementary Table 1.

Supplementary Figure 2 | SHERLOCK validation of saliva samples using later-flow strips and signal quantitation method. (A1) Paper-strip images of SARS-CoV-2 positive (left) and SARS-CoV-2 negative (right) samples which were subjected to SHERLOCK and LFA. Corresponding Ct values derived from RT-qPCR is shown above the Lateral-flow strip. The patient ID and Ct values are same as shown in Figure 2f. (A2) Corresponding T/C ratio of the images is shown. Red arrow head indicates the threshold T/C ratio (B1) Longitudinal test results of two patient saliva samples taken four times before the test results came negative. (B2) T/C ratio of the corresponding LFA images.
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A large repertoire of IgA is produced by B lymphocytes with T-independent and T-dependent mechanisms useful in defense against pathogenic microorganisms and to reduce immune activation. IgA is active against several pathogens, including rotavirus, poliovirus, influenza virus, and SARS-CoV-2. It protects the epithelial barriers from pathogens and modulates excessive immune responses in inflammatory diseases. An early SARS-CoV-2 specific humoral response is dominated by IgA antibodies responses greatly contributing to virus neutralization. The lack of anti-SARS-Cov-2 IgA and secretory IgA (sIgA) might represent a possible cause of COVID-19 severity, vaccine failure, and possible cause of prolonged viral shedding in patients with Primary Antibody Deficiencies, including patients with Selective IgA Deficiency. Differently from other primary antibody deficiency entities, Selective IgA Deficiency occurs in the vast majority of patients as an asymptomatic condition, and it is often an unrecognized, Studies are needed to clarify the open questions raised by possible consequences of a lack of an IgA response to SARS-CoV-2.
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Highlights

Lack of neutralizing anti-SARS-Cov-2 IgA and secretory IgA antibodies represents a possible cause of prolonged viral shedding in patients with Selective IgA Deficiency and in patients with Primary Antibody Deficiencies showing an increased length of SARS-CoV-2 positivity.



Introduction

IgA is the predominant immunoglobulin in the respiratory tract, the major portal of entry for many microorganisms. There are two subclasses of IgA, IgA1 and IgA2. Monomeric IgA1 predominates in serum. Dimeric and polymeric IgA1 and IgA2 - linked by a J-chain - are present on the mucosal surface where they exert a major role in protection against toxins, viruses and bacteria by neutralization, or by preventing attachment to the mucosal epithelium. IgA1 predominates in the airways and IgA2 is predominant in the colon. IgA is produced by plasma cells of the submucosa and it is transported to the apical surface of intestinal epithelial cells by the efficient mechanism involving the polymeric immunoglobulin receptor (pIgR). On the basolateral surface of mucosal epithelial cells, the pIgR binds dimeric IgA through the J chain and transports the molecule to the apical cell membrane. Here, a serine-protease (Kaetzel, 2005) cleaves off the complex leaving the secretory component fragment (SC) of the pIgR attached to the immunoglobulin, thus generating sIgA. The importance of IgA comes from studies on patients with Primary Antibody Deficiencies (PAD), where the impaired IgA production, and IgA antibody-mediated responses, are associated to the susceptibility to respiratory and gastrointestinal infections and their recurrence (Hammarström et al., 2000; Tangye et al., 2020), to upper respiratory tract colonization (Pulvirenti et al., 2020a), and to the risk to develop chronic respiratory diseases (Quinti et al., 2011). The presence of sIgA with a diverse antigen-binding repertoire is essential for maintenance of mucosal protection of the upper and lower respiratory tracts, for mucosal immune responses by its interaction with mucosal epithelial cells, and by binding to antigens and cellular receptors (Cerutti et al., 2011). IgA shows a number of unique features among the immunoglobulin classes. IgA are monomeric, dimeric, and also polymeric, displaying different functions. Both antibody affinity and avidity are important in mechanisms of protection (Terauchi et al., 2018; Saito et al., 2019).

A large repertoire of IgA is produced by B lymphocytes with T-independent and T-dependent mechanisms useful in defense against pathogenic microorganisms and to reduce immune activation. IgA class switching is the process whereby B cells acquire the expression of IgA. The T-dependent process requires at least one week to develop, a too long time in mucosal infections. Natural antibodies, mostly of IgM isotype and generated independently of previous antigen encounters, have a broad reactivity and a variable affinity. They contain the infection during the 2 weeks necessary for production of high-affinity antibodies (Ochsenbein et al., 1999; Holodick et al., 2017).

Also IgA can be rapidly produced through the faster T-independent mechanisms involving B cell activating factor (BAFF) and its receptors. We have shown that most of the IgA in the gut is generated by a T-independent mechanism involving TLR9 and TACI from IgM memory B cells. Similar to natural serum IgM, “natural IgA” may function as immediate and early protection from infection (Carsetti et al., 2020a).

IgA plays a major role in protection against several viral pathogens including RSV and other influenza viruses. BAFF is increased in the lung and it is associated with the class-switched IgA antibody responses against RSV infection (McNamara et al., 2013), and BAFF neutralization results in reduced sIgA levels and AID expression during influenza virus infection (Wang et al., 2015). Local IgA responses, in cooperation with non-specific innate factors such as muco-ciliary clearance, have been shown to protect from influenza virus natural infection without inducing a potentially deleterious inflammatory response leading to tissue damage (Pilette et al., 2011). High levels of anti-influenza virus IgA in breast milk are associated with decreased infant episodes of respiratory illness (Schlaudecker et al., 2013).

The current challenge in vaccine design is to induce long-lasting systemic and mucosal protection against the vaccine strains, but also against drifted and shifted strains. Most antiviral vaccines are now administered intramuscularly or subcutaneously, and they might not always induce a mucosal immune response (van Riet et al., 2012; Bagga et al., 2015). It has been shown that IgA antibodies on mucosal surfaces play a more relevant role than IgG for protection from influenza A virus infection and for cross-protective immunity against multiple viral hemagglutinin subtypes (Okuya et al., 2020). More recently, it has been shown in mice that immunization with MERS-CoV S1 subunit and full-length Spike protein elicited high levels of S1-specific neutralizing IgA response. However, MERS-CoV neutralizing IgA antibodies in the broncho-alveolar lavage fluid were only induced by intranasal and sublingual administration but not by intramuscular administration (Kim et al., 2019).



IgA Antibodies and SARS-CoV-2

Unless immunized, everyone is susceptible to SARS-CoV-2 infection. The variability of COVID-19 suggests that the individual immune response to SARS-CoV-2 may play a crucial role in determining the clinical course ranging from asymptomatic to mild upper respiratory tract illness, or moderate to severe disease with respiratory distress and multi-organ failure requiring intensive care and organ support (WHO, [[NoYear]]; Zhou et al., 2020). To pathogens for which there is no pre-existing immunity, our organism reacts by rapidly engaging the innate immune system with the intent of limiting the infection and giving time to adaptive immune response to generate the most specific and effective tools: high-affinity antibodies and memory B and T cells. Extensive analysis of the antibody response, showed that SARS-CoV-2 induces virus-specific antibodies, mediated by all immunoglobulin isotypes including IgM, IgG, and IgA (Long et al., 2020); all IgG subclasses were produced by individuals with COVID-19, with IgG1 being the most dominant (Goh et al., 2021). The kinetics of specific immunoglobulin production against spike-1 receptor-binding domain and nucleocapsid protein shows that the vast majority of patients produce detectable neutralizing IgG and IgA antibodies within 2-3 weeks from onset of symptoms. Then, neutralizing anti-RBD IgG and anti-NC titers increased and reached a plateau around the fourth week after symptom onset, while IgA decreased by day 28 (Sterlin et al., 2021). This might be observed also in asymptomatic SARS-CoV-2 infection as we have recently shown (Carsetti et al., 2020b).

IgA is active against several pathogens, including rotavirus, poliovirus, influenza virus, and SARS-CoV-2, it modulates excessive immune responses in inflammatory diseases and it is more effective in recruiting neutrophils for cell killing (Sterlin and Gorochov, 2021).

Peripheral expansion of IgA plasma blasts with mucosal-homing potential has been detected shortly after the onset of symptoms (Wang et al., 2020). The virus-specific antibody responses are mediated by all isotypes, but IgA contributes to virus neutralization to a greater extent compared with IgG and probably associated with protection against reinfection (Gaebler et al., 2021). During the first six months after infection, anti-SARS-CoV-2 memory B cell response evolves with accumulation of Ig somatic mutations. Sharing of VH sequences has been demonstrated between IgA and IgG, suggesting that the same B cells may generate a clone that undergoes progressive selection, specialization and class-switching (Grimsholm et al., 2020). In convalescent patients, it has been demonstrated that clones of IgM-, IgG-, and IgA-producing B cells derive from common progenitor cells. In addition, dimeric IgA was more potent than IgA monomers and IgG against the same target (Wang et al., 2020).

Being a mucosal targeted virus, SARS-CoV-2 secretory IgA plays an important role in the early defense and viral containment. As we specified above, IgA serum concentrations decreased one month after the onset of symptoms, while neutralizing IgA remained detectable in saliva for a longer time (Burgess et al., 2020). A human monoclonal IgA antibody cross-reactive with SARS-CoV and SARS-CoV-2 spike proteins was able to neutralize SARS-Cov-2 infection in vitro when converted to sIgA (Ejemel et al., 2020). Secretory IgA in the gut and monomeric IgA in the serum are clonally related (Iversen et al., 2017). sIgA specific for SARS-CoV-2 has been detected in the milk (Fox et al., 2020) of SARS-CoV-2 infected mothers, thus demonstrating that sIgA is produced in response to the infection and it is passed to the neonate for protection. It has been suggested that also in adults the measurement of SARS-CoV-2 sIgA might help to identify those individuals that, protected by sIgA, did not develop symptoms and disease (Burgess et al., 2020).



Primary Antibody Deficiencies, Selective IgA Deficiency and COVID 19

The impact of the COVID-19 pandemic on patients with rare diseases is still not well defined. Inborn Errors of Immunity (IEI) encompasses a group of rare disorders characterized by congenital defects of one or more components of the immune system (Picard et al., 2018), and as such they may be considered as groups at high risk during this pandemic. Selective deficiencies of specific components of the immune response in humans might help dissect and analyze the physiologic role and the outcomes in the interactions with pathogens. The lack of antibodies associated with protection might represent a possible cause of COVID-19 severity, and vaccine failure in particular in patients with primary antibody deficiencies (PAD). We have already reported (Meyts et al., 2020; Quinti et al., 2020; Quinti et al., 2021) on patients affected by PAD lacking antibodies showing a different COVID-19 clinical course. In the most common form of symptomatic PAD - the Common Variable Immune Deficiencies, COVID-19 might have, as expected, a severe clinical course, while in patients with X-linked Agammaglobulinemia (XLA) SARS-Cov-2 infection might remain asymptomatic or have a mild disease. Both CVID and XLA have a severe hypogammaglobulinemia and a defect in antibody production. However, XLA patients only lack B cells due a BTK mutation with consequent arrest of B cell development in the bone marrow. We then speculated on a possible harmful role of B cells in COVID-19 pathogenesis and our hypothesis was further supported by the demonstration that patients under BTK inhibitors also had a mild COVID-19. However, our hypothesis was argued since other agammaglobulinemic patients later reported in the literature showed an aggressive COVID-19 disease, even if none died. This extreme variability in the context of a defective immune response may depend on various factors that need to be defined on larger cohorts of affected patients, since a low number of IEI infected patients with variable outcome has been reported until now. This low number of infected patients might be explained by the choice of most physicians involved in the management of IEI patients to inform early in the pandemic about safety measures, to switch most of them to home therapy and to remote assistance (Pulvirenti et al., 2020b). However, it should be mentioned here that each PAD patient represents a unique model in that the COVID-19 clinical expression varies also within the same immunodeficiency entity, as we knew, from many other comorbidities, patients with primary immune deficiency faced during their life.

Selective IgA Deficiency (SIgAD) is a primary immunodeficiency characterized by an undetectable level of immunoglobulin A in the blood and secretions but no other immunoglobulin deficiencies (Picard et al., 2018). The role defined for IgA antibodies in SARS-Cov-2 protection, offers the possibility to address important aspects of the interplay between SARS-CoV-2 infection and prevention in patients with SIgAD.

It has been shown that a low frequency of SIgAD has been shown to positively correlate with the lower prevalence of COVID-19 in Japan in comparison to other countries where SIgAD reaches a frequency of 1:600 inhabitants (Naito et al., 2020). However, differently from what suggested in the paper, there is not the strategy to promote the production of serum and sIgA in patients with Selective IgA deficiency, nor it is possible to use other therapeutic strategies, such as the use of convalescent plasma, in that, in patients who lack IgA there is a contraindication for the use of plasma for possible adverse reactions. Only when IgA are detectable in serum, convalescent plasma might be administered, as suggested in other forms of PAD (Ho et al., 2021).

Moreover, patients with SIgAD are prone to develop autoantibodies (Hammarström et al., 2000; Quinti et al., 2011; Tangye et al., 2020; Pulvirenti et al., 2020a). In an international study on Coronavirus disease 2019 in patients with inborn errors of immunity, one patient with Selective IgA Deficiency and IgG2 subclass deficiency and COVID died for AIHA (Meyts et al., 2020). An additional case study showed a patient affected from SIgAD since childhood who - similarly to the vast majority of Selective IgA Deficiency - was asymptomatic until a Guillain Barrè syndrome was diagnosed at the time of COVID-19, when she developed anti-ganglioside antibodies (Pfeuffer et al., 2020). The pathogenic role of autoantibodies in severe COVID-19 was further demonstrated by a study showing that clinically silent anti-IFN type I neutralizing antibodies were present in about 10% of patients who develop a severe COVID-19 and in less than 0.1% of asymptomatic patients and of healthy individuals (Bastard et al., 2020).

Lastly, PAD patients and SIgAD patients might have a very low or suboptimal response to SARS-CoV-2 immunization, lacking a major tool for systemic and mucosal protection. It has been reported that patients of PAD (Naito et al., 2020), have an increased length of SARS-CoV-2 positivity, before their swab becomes PCR negative, even if this finding may be observed even in the general population of non-immunocompromised subjects. This finding is in fact in agreement with the observation that immunocompromised patients and severe-to-critical patients may remain a source of infection to their environment (Choi et al., 2020). This prolonged viral shedding represents a potential risk for the spreading of the virus in the community, and for virus genetic changes since high rates of mutation might arise, as previously suggested in studies on patients with Primary Immune Deficiencies chronically infected with other viruses, such as chronic OPV infections (Aghamohammadi et al., 2017).

In conclusion, the strikingly different clinical course of COVID-19 in patients affected with different antibody deficiencies, including the SIgAD entity, requires in-depth studies. PAD are rare diseases while Selective IgA Deficiency is the most frequent antibody deficiency, often undiagnosed for the paucity of symptoms. We suggest to promote studies to clarify the open questions raised on possible consequences of the lack of an IgA response to SARS-CoV-2, since patients affected by primary defects of immunity might always represent a fundamental group to understand the pathogenic mechanisms underlying most infectious and inflammatory diseases.



Author Contributions

IQ and RC planned and wrote the manuscript. EP, and CM reviewed the published papers on the topic. All authors contributed to the discussion of data. All authors contributed to the article and approved the submitted version.



Funding

This work was founded by Sapienza, Progetto Ateneo 2020.



References

 Aghamohammadi, A., Abolhassani, H., Kutukculer, N., Wassilak, SG, Pallansch, MA, Kluglein, S, et al. (2017). Patients with Primary Immunodeficiencies are a reservoir of Poliovirus and a risk to Polio eradication. Front. Immunol. 8, 685. doi: 10.3389/fimmu.2017.00685

 Bagga, B., Cehelsky, J. E., Vaishnaw, A., Wilkinson, T, Meyers, R, Harrison, LM, et al. (2015). Effect of Preexisting Serum and Mucosal Antibody on Experimental Respiratory Syncytial Virus (RSV) Challenge and Infection of Adults. J. Infect. Dis. 212, 1719–1725. doi: 10.1093/infdis/jiv281

 Bastard, P., Rosen, L. B., Zhang, Q., Michailidis, E, Hoffmann, HH, Zhang, Y, et al. (2020). Autoantibodies against type I IFNs in patients with life-threatening COVID-19. Science 370, eabd4585. doi: 10.1126/science.abd4585

 Burgess, S., Ponsford, M. J., and Gill, D. (2020). Are we underestimating seroprevalence of SARS-CoV-2? BMJ 370:m3364. doi: 10.1136/bmj.m3364

 Carsetti, R., Di Sabatino, A., Rosado, M. M., Cascioli, S, Piano Mortari, E, Milito, C, et al. (2020a). Lack of Gut Secretory Immunoglobulin A in Memory B-Cell Dysfunction-Associated Disorders: A Possible Gut-Spleen Axis. Front. Immunol. 10, 2937. doi: 10.3389/fimmu.2019.02937

 Carsetti, R., Zaffina, S., Piano Mortari, E., Terreri, S, Corrente, F, Capponi, C, et al. (2020b). Different Innate and Adaptive Immune Responses to SARS-CoV-2 Infection of Asymptomatic, Mild, and Severe Cases. Front. Immunol. 11, 610300. doi: 10.3389/fimmu.2020.610300

 Cerutti, A., Chen, K., and Chorny, A. (2011). Immunoglobulin responses at the mucosal interface. Annu. Rev. Immunol. 29, 273–293. doi: 10.1146/annurev-immunol-031210-101317

 Choi, B., Choudhary, M. C., Regan, J., Sparks, J. A., Padera, R. F., Qiu, X., et al. (2020). Persistence and Evolution of SARS-CoV-2 in an Immunocompromised Host. N. Engl. J. Med. 383, 2291–2293. doi: 10.1056/NEJMc2031364

 Ejemel, M., Li, Q., Hou, S., Schiller, ZA, Tree, JA, Wallace, A, et al. (2020). A cross reactive human IgA monoclonal antibody blocks SARS-CoV-2 spike-ACE2 interaction. Nat. Commun. 11, 4198. doi: 10.1038/s41467-020-18058-8

 Fox, A., Marino, J., Amanat, F., Krammer, F., Hahn-Holbrook, J, Zolla-Pazner, S, et al. (2020). Robust and Specific Secretory IgA Against SARS-CoV-2 Detected in Human Milk. iScience 23, 101735. doi: 10.1016/j.isci.2020.101735

 Gaebler, C., Wang, Z., Lorenzi, J. C. C., Muecksch, F, Finkin, S, Tokuyama, M, et al. (2021). Evolution of antibody immunity to SARS-CoV-2. Nature. doi: 10.1038/s41586-021-03207-w

 Goh, Y. S., Chavatte, J.-M., Jieling, A. L., Lee, B., Hor, P. X., Amrun, S. N., et al. (2021). Sensitive detection of total anti-Spike antibodies and isotype switching in asymptomatic and symptomatic individuals with COVID-19. Cell Rep. Med. 2 (2), 100193. doi: 10.1016/j.xcrm.2021.100193

 Grimsholm, O., Piano Mortari, E., Davydov, A. N., Shugay, M, Obraztsova, AS, Bocci, C, et al. (2020). The Interplay between CD27dull and CD27bright B Cells Ensures the Flexibility, Stability, and Resilience of Human B Cell Memory. Cell Rep. 30, 2963–2977.e625. doi: 10.1016/j.celrep.2020.02.022

 Hammarström, L., Vorechovsky, I., and Webster, D. (2000). Selective IgA deficiency (SIgAD) and common variable immunodeficiency (CVID). Clin. Exp. Immunol. 120, 225–231. doi: 10.1046/j.1365-2249.2000.01131.x

 Ho, H. E., Mathew, S., Peluso, M. J., and Cunningham-Rundles, C. (2021). Clinical outcomes and features of COVID-19 in patients with primary immunodeficiencies in New York City. J. Allergy Clin. Immunol. Pract. 9, 490–493.e2. doi: 10.1016/j.jaip.2020.09.052

 Holodick, N. E., Rodríguez-Zhurbenko, N., and Hernández, A. M. (2017). Defining Natural Antibodies. Front. Immunol. 8, 872. doi: 10.3389/fimmu.2017.00872

 Iversen, R., Snir, O., Stensland, M., Kroll, JE, Steinsbø, O, Korponay-Szabò, IR, et al. (2017). Strong clonal relatedness between Serum and Gut IgA despite different plasma cell origins. Cell Rep. 20, 2357–2367. doi: 10.1016/j.celrep.2017.08.036

 Kaetzel, C. S. (2005). The polymeric immunoglobulin receptor: Bridging innate and adaptive immune responses at mucosal surfaces. Immunol. Rev. 206, 83–99. doi: 10.1111/j.0105-2896.2005.00278.x

 Kim, M. H., Kim, H. J., and Chang, J. (2019). Superior immune responses induced by intranasal immunization with recombinant adenovirus-based vaccine expressing full-length Spike protein of Middle East respiratory syndrome coronavirus. PloS One 14, e0220196. doi: 10.1371/journal.pone.0220196

 Long, Q.-X., Liu, B.-Z., Deng, H.-J., Wu, G.-C., Deng, K., Chen, Y.-K., et al. (2020). Antibody responses to SARS-CoV-2 in patients with COVID-19. Nat. Med. 26, 845–848. doi: 10.1038/s41591-020-0897-1

 McNamara, P. S., Fonceca, A. M., Howarth, D., Correia, JB, Slupsky, JR, Trinick, RE, et al. (2013). Respiratory syncytial virus infection of airway epithelial cells, in vivo and in vitro, supports pulmonary antibody responses by inducing expression of the B cell differentiation factor BAFF. Thorax 68, 76–81. doi: 10.1136/thoraxjnl-2012-202288

 Meyts, I., Bucciol, G., Quinti, I., Neven, B, Fischer, A, Seoane, E, et al. (2020). Coronavirus disease 2019 in patients with inborn errors of immunity: An international study. J. Allergy Clin. Immunol. 147  (2), 520–531. doi: 10.1016/j.jaci.2020.09.010

 Naito, Y., Takagi, T., Yamamoto, T., and Watanabe, S. (2020). Association between selective IgA deficiency and COVID-19. J. Clin. Biochem. Nutr. 67, 122–125. doi: 10.3164/jcbn.20-102

 Ochsenbein, A. F., Fehr, T., and Lutz, C. (1999). Control of early viral and bacterial distribution and disease by natural antibodies. Science 286, 2156–2159. doi: 10.1126/science.286.5447.2156

 Okuya, K., Yoshida, R., Manzoor, R., Saito, S, Suzuki, T, Sasaki, M, et al. (2020). Potential role of Nonneutralizing IgA antibodies in cross-protective immunity against Influenza A viruses of multiple hemagglutinin subtypes. J. Virol. 94, e00408–e00420. doi: 10.1128/JVI.00408-20

 Pfeuffer, S., Pawlowski, M., Joos, G. S., Minnerup, J, Meuth, SG, Dziewas, R, et al. (2020). Autoimmunity complicating SARS-CoV-2 infection in selective IgA-deficiency. Neurol. Neuroimmunol. Neuroinflamm. 7, e881. doi: 10.1212/NXI.0000000000000881

 Picard, C., Gaspar, H. B., Al-Herz, W., Bousfiha, A., Casanova, J. L., Chatila, T., et al. (2018). International Union of Immunological Societies: 2017 Primary Immunodeficiency Diseases Committee Report on Inborn Errors of Immunity. J. Clin. Immunol. 38, 96–128. doi: 10.1007/s10875-017-0464-9

 Pilette, C., Ouadrhiri, Y., Godding, V., Vaerman, J. P., and Sibille, Y. (2011). Lung mucosal immunity: immunoglobulin-A revisited. Eur. Respir. J. 18, 571–588. doi: 10.1183/09031936.01.00228801

 Pulvirenti, F., Milito, C., Cavaliere, F. M., Mezzaroma, I., Cinetto, F., and Quinti, I. (2020a). IGA Antibody Induced by Immunization With Pneumococcal Polysaccharides Is a Prognostic Tool in Common Variable Immune Deficiencies. Front. Immunol. 11, 1283. doi: 10.3389/fimmu.2020.01283

 Pulvirenti, F., Cinetto, F., Milito, C., Bonanni, L., Pesce, A. M., Leodori, G., et al. (2020b). Health-Related Quality of Life in Common Variable Immunodeficiency Italian Patients Switched to Remote Assistance During the COVID-19 Pandemic. J. Allergy Clin. Immunol. Pract. 8, 1894–1899.e2. doi: 10.1016/j.jaip.2020.04.003

 Quinti, I., Soresina, A., Guerra, A., Rondelli, R, Spadaro, G, Agostini, C, et al. (2011). Effectiveness of immunoglobulin replacement therapy on clinical outcome in patients with primary antibody deficiencies: results from a multicenter prospective cohort study. J. Clin. Immunol. 31, 315–322. doi: 10.1007/s10875-011-9511-0

 Quinti, I., Lougaris, V., Milito, C., Cinetto, F., Pecoraro, A., Mezzaroma, I., et al. (2020). A possible role for B cells in COVID-19? Lesson from patients with agammaglobulinemia. J. Allergy Clin. Immunol. 146, 211–213.e4. doi: 10.1016/j.jaci.2020.04.013

 Quinti, I., Mezzaroma, I., and Milito, C. (2021). Clinical management of patients with primary immunodeficiencies during the COVID-19 pandemic. Expert Rev. Clin. Immunol. 15, 1–6. doi: 10.1080/1744666X.2021.1873767

 Saito, S., Sano, K., Suzuki, T., Ainai, A, Taga, Y, Ueno, T, et al. (2019). IgA tetramerization improves target breadth but not peak potency of functionality of anti-influenza virus broadly neutralizing antibody. PloS Pathog. 15, e1007427. doi: 10.1371/journal.ppat.1007427

 Schlaudecker, E. P., Steinhoff, M. C., Omer, S. B., McNeal, MM, Roy, E, Arifeen, SE, et al. (2013). IgA and neutralizing antibodies to influenza a virus in human milk: a randomized trial of antenatal influenza immunization. PloS One 8, e70867. doi: 10.1371/journal.pone.0070867

 Sterlin, D., and Gorochov, G. (2021). When Therapeutic IgA Antibodies Might Come of Age. Pharmacology 106, 9–19. doi: 10.1159/000510251

 Sterlin, D., Mathian, A., Miyara, M., Mohr, A, Anna, F, Claér, L, et al. (2021). IgA dominates the early neutralizing antibody response to SARS-CoV-2. Sci. Transl. Med. 13 (577), eabd2223. doi: 10.1126/scitranslmed.abd2223

 Tangye, S. G., Al-Herz, W., Bousfiha, A., Chatila, T, Cunningham-Rundles, C, Etzioni, A, et al. (2020). Human Inborn Errors of Immunity: 2019 Update on the Classification from the International Union of Immunological Societies Expert Committee. J. Clin. Immunol. 40, 24–64. doi: 10.1007/s10875-019-00737-x

 Terauchi, Y., Sano, K., Ainai, A., Saito, S, Taga, Y, Ogawa-Goto, K, et al. (2018). IgA polymerization contributes to efficient virus neutralization on human upper respiratory mucosa after intranasal inactivated influenza vaccine administration. Hum. Vaccin. Immunother. 14, 1351–1361. doi: 10.1080/21645515.2018.1438791

 van Riet, E., Ainai, A., Suzuki, T., and Hasegawa, H. (2012). Mucosal IgA responses in influenza virus infections; thoughts for vaccine design. Vaccine 30, 5893–5900. doi: 10.1016/j.vaccine.2012.04.109

 Wang, J., Li, Q., Xie, J., and Xu, Y. (2015). Cigarette smoke inhibits BAFF expression and mucosal immunoglobulin A responses in the lung during influenza virus infection. Respir. Res. 16, 37. doi: 10.1186/s12931-015-0201-y

 Wang, Z., Lorenzi, J. C. C., Muecksch, F., Finkin, S, Viant, C, Gaebler, C, et al. (2020). Enhanced SARS-CoV-2 neutralization by dimeric IgA. Sci. Transl. Med. 13, eabf1555. doi: 10.1126/scitranslmed.abf1555

 WHO. https://www.who.int/emergencies/diseases/novel-coronavirus-2019/technical-guidance.

 Zhou, F., Yu, T., Du, R., Fan, G., Liu, Y., Liu, Z., et al. (2020). Clinical course and risk factors for mortality of adult inpatients with COVID-19 in Wuhan, China: a retrospective cohort study. Lancet 395, 1054–1062. doi: 10.1016/S0140-6736(20)30566-3



Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Quinti,Mortari, Fernandez Salinas, Milito and Carsetti. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




BRIEF RESEARCH REPORT

published: 12 April 2021

doi: 10.3389/fcimb.2021.644574

[image: image2]


No Evidence for Human Monocyte-Derived Macrophage Infection and Antibody-Mediated Enhancement of SARS-CoV-2 Infection


Obdulio García-Nicolás 1,2*, Philip V’kovski 1,2, Ferdinand Zettl 1, Gert Zimmer 1,2, Volker Thiel 1,2 and Artur Summerfield 1,2


1 Institute of Virology and Immunology (IVI), Bern, Switzerland, 2 Department of Infectious Diseases and Pathobiology, Vetsuisse Faculty, University of Bern, Bern, Switzerland




Edited by: 
Binod Kumar, Loyola University Chicago, United States

Reviewed by: 
Julià Blanco, IrsiCaixa, Spain

Raphael Gaudin, UMR9004 Institut de Recherche en Infectiologie de Montpellier (IRIM), France

*Correspondence: 
Obdulio García-Nicolás
 obdulio.garcia-nicolas@ivi.admin.ch

Specialty section: 
 This article was submitted to Virus and Host, a section of the journal Frontiers in Cellular and Infection Microbiology


Received: 21 December 2020

Accepted: 11 March 2021

Published: 12 April 2021

Citation:
García-Nicolás O, V’kovski P, Zettl F, Zimmer G, Thiel V and Summerfield A (2021) No Evidence for Human Monocyte-Derived Macrophage Infection and Antibody-Mediated Enhancement of SARS-CoV-2 Infection. Front. Cell. Infect. Microbiol. 11:644574. doi: 10.3389/fcimb.2021.644574



Vaccines are essential to control the spread of severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) and to protect the vulnerable population. However, one safety concern of vaccination is the possible development of antibody-dependent enhancement (ADE) of SARS-CoV-2 infection. The potential infection of Fc receptor bearing cells such as macrophages, would support continued virus replication and inflammatory responses, and thereby potentially worsen the clinical outcome of COVID-19. Here we demonstrate that SARS-CoV-2 and SARS-CoV neither infect human monocyte-derived macrophages (hMDM) nor induce inflammatory cytokines in these cells, in sharp contrast to Middle East respiratory syndrome (MERS) coronavirus and the common cold human coronavirus 229E. Furthermore, serum from convalescent COVID-19 patients neither induced enhancement of SARS-CoV-2 infection nor innate immune response in hMDM. Although, hMDM expressed angiotensin-converting enzyme 2, no or very low levels of transmembrane protease serine 2 were found. These results support the view that ADE may not be involved in the immunopathological processes associated with COVID-19, however, more studies are necessary to understand the potential contribution of antibodies-virus complexes with other cells expressing FcR receptors.
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Introduction

Since the emergence of the severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) in December 2019 in the Chinese city of Wuhan, the virus has spread globally causing the coronavirus disease 2019 (COVID-19) pandemic. The high morbidity and severity of COVID-19 in some of the affected patients have jeopardized the public health system of affected countries. In addition, the public health measures that have been implemented to control the pandemic have affected the life and economy of millions of people around the world.

In the current situation, the lack of neutralizing antibodies against SARS-CoV-2, allows the virus to spread rapidly in the human population. A global vaccination campaign may have the potential to finally control the pandemic and vaccination programs have started recently. However, a concern is the possibility that vaccination could promote antibody-dependent enhancement (ADE) of SARS-CoV-2 infection which could be associated with enhancement of the disease (Lee et al., 2020).

The underlying mechanism of ADE of infection is based on the interaction between virion-antibody complexes and Fc gamma receptors (FcγR) that are expressed by cells of the immune system such as macrophages. The binding of virion-antibody complexes to Fc receptors could result in their uptake into the cells by receptor-mediated endocytosis leading to potential infection of the cells (Taylor et al., 2015). Despite speculation and alarming about this possibility at the time of initiation of our work, no data were published specifically addressing ADE of SARS-CoV-2 (Lee et al., 2020; Rogers et al., 2020). With this in mind, the present study aimed to investigate whether immune sera from convalescent COVID-19 patients would enhance SARS-CoV-2 infection and promote secretion of pro-inflammatory cytokines production by human macrophages. To this end we performed a comparative study on the susceptibility of human macrophages to infection with human coronavirus 229E (HCoV-229E), Middle East respiratory syndrome coronavirus (MERS-CoV), SARS-CoV and SARS-CoV-2 and the inflammatory cytokine response of these cells. Potential ADE of infections by SARS-CoV and SARS-CoV-2 were studied using immune sera from convalescent COVID-19 patients.



Material and Methods


Ethics Statement

Buffy coats from anonymous healthy blood donors were obtained from the regional transfusion blood service of the Swiss Red Cross (SRC) (Bern, Switzerland). The use of buffy coats was approved by the SRC review board. All serum samples employed in this study were collected following the guidance of the Act on Medical Devices (MPG guideline 98/79/EC) for the collection of human residual material to evaluate suitability of an in vitro diagnostic medical device (§24). For this study an informed consent and ethical approval was not needed because only leftovers of serum samples for diagnostic laboratory procedures were used.



Cells

Vero cells (E6 and B4 lineages, African Green monkey kidney epithelial cells) and Huh-7 cells (human hepatocellular carcinoma cells) were cultured in Dulbecco’s minimal essential medium (DMEM; Life Technologies), supplemented with 10% fetal bovine serum (FBS), non-essential amino acids (Life Technologies), penicillin-streptomycin (Gibco) and HEPES (Gibco). A549 (adenocarcinomic human alveolar basal epithelial cells) stably transfected with angiotensin-converting enzyme 2 (ACE2) and transmembrane protease serine 2 (TMPRSS2) were purchased from Invivogen (Toulouse, France) and cultured in minimal essential medium (MEM) supplemented with 10% FBS, 0.5 μg/ml of puromycin (Invivogen) and 300 μg/ml of hygromycin B (Invivogen). A. albopictus C6/36 cells (ATCC® CRL-1660™) were cultured in MEM (Gibco) supplemented with 100 mM of sodium pyruvate (Gibco), non-essential amino acids and 10% FBS

For the production of human monocyte derived macrophages (hMDM), peripheral blood mononuclear cells (PBMCs) were isolated from buffy coats by density gradient centrifugation on Ficoll-Paque™ PLUS (1.077 g/L; GE healthcare). Then, monocytes were sorted using anti-CD14 beads as proposed by the manufacturer (Miltenyi Biotech GmbH), and seeded in 24 well plates at 2.5 x 105 cells/well in 500 µl of Roswell Park Memorial Institute (RPMI) 1640 medium (Gibco) and kept at 37°C and 5% CO2 atmosphere for one hour. Non-adherent cells were removed and 500 µl of RPMI 1640 supplemented with 10% of FBS (Gibco), GlutaMAX (Gibco), penicillin-streptomycin (Gibco) and human M-CSF (100 ng/ml; Miltenyi Biotec) were added. The cells were cultured for six days at 37 °C and 5% CO2. The full medium complemented with M-CSF was replaced every 48 to 72 hours.



Viruses

A collection of different coronaviruses was employed for the experiments of the present study including the human coronavirus 229E [HCoV-299E; (Thiel et al., 2001)], Middle East respiratory syndrome coronavirus [MERS-CoV, strain EMC/2012; (van Boheemen et al., 2012)], SARS-CoV [Frankfurt-1; (Thiel et al., 2003)] and SARS-CoV-2 (SARS-CoV-2/München-1.1/2020/929) kindly provided by Daniela Niemeyer, Marcel Müller, and Christian Drosten (Charité, Berlin, Germany). HCoV-299E was propagated in Huh-7 cells in DMEM supplemented with 5% of FBS and non-essential amino acids at 33°C. MERS-CoV was propagated in Vero B4 cells in MEM supplemented with 2% of FBS and non-essential amino acids at 37°C. For the propagation of SARS-CoV and SARS-CoV-2 Vero E6 cells in MEM supplemented with 2% of FBS and non-essential amino acids at 37°C was employed. All coronavirus titrations were performed by end point dilution (ten-fold serial dilutions of viral supernatants) taking advantage of the virus-induced cytopathic effect that was apparent 56 to 72 hours post infection (hpi). Virus titers were expressed as 50% tissue culture infective dose per ml (TCID50/ml). As a positive control for ADE of infection, we used Japanese encephalitis virus (JEV) (Laos strain; GenBank CNS769_Laos_2009; kindly provided by Prof. Remi Charrel, Aix-Marseille Université, Marseille, France) with immune sera previously described (Garcia-Nicolas et al., 2017).



Infection With Coronaviruses

Vero E6 cells or hMDM were incubated for 1.5 h at 39°C or 37°C with the respective virus using a multiplicity of infection (MOI) of 1 TCID50 per cell, including mock control. Subsequently, the virus inoculum was removed, the cells washed three times with warm phosphate buffered saline (PBS), and RPMI medium supplemented with 2% FBS was added to the cells. As a positive control for the induction of pro-inflammatory cytokines either 1 µg/ml of lipopolysaccharide (LPS; Sigma-Aldrich) or 10 μg/ml of polyinosinic-polycytidytic acid (poly I:C, Sigma-Aldrich) were added to the cell culture medium. As indicated for each experiment, after 24, 48 or 72 h, supernatants were collected and stored at -70°C.



ACE2/TMPRSS2 Determination

Human macrophages and A549 cells stably transfected with human ACE2 and human TMPRSS2 were harvested using TrypLETMSelect (Gibco) for 20 min at room temperature and washed with CellWash solution (Becton Dickinson). Subsequently, the cells were stained for 20 min with anti-human TMPRSS2 monoclonal antibody (P5H9-A3, Santa Cruz biotechnology) and anti-human ACE2 antibody (A20069, BioLegend) in CellWash. After a washing the cells with CellWash, they were incubated for 10 min with anti-rat Alexa 488 fluorochrome conjugate (ThermoFisher Scientific) and Alexa Fluor 647 conjugated anti-mouse IgG1 (ThermoFisher Scientific). Finally, cells were analyzed by flow cytometry using a FACSCantoII (Becton Dickinson). Data analysis was performed with Flowjo V.9.1 software (Treestars, Inc.). Dead cells were excluded by electronic gating in forward/side scatter plots, followed by exclusion of doublets.



Antibody-Dependent Enhancement of Infection

A collection of sera from COVID-19 convalescent patients from a previously published work was employed for the present study (Zettl et al., 2020). This included sera with a broad range of neutralization titers against SARS-CoV-2 (ND50 <1:10; 1:20; 1:160; 1:240 and 1:2560). In order to test the ADE potential of these sera, different serum dilutions (1:10; 1:100; 1:1000 and 1:10000) were incubated for 30 min at 37°C with an equal volume of viral suspension (SARS-CoV or SARS-CoV-2) corresponding to a MOI of 1 TCID50/cell. Thereafter, the virus/serum mixtures were added to human macrophages or Vero E6 cells and incubated for 30 min at 37°C and 5% CO2 atmosphere. The cells were washed three times with PBS before fresh medium was added. As a control for ADE of infection, we employed a serum from immunized pigs known to have a high capacity of inducing ADE of infection for JEV in macrophages (Garcia-Nicolas et al., 2017). The serum (ND50 of 1:160 for JEV Laos) was serially diluted (1:10; 1:100; 1:1000 and 1:10000) and incubated at 37°C for 30 min with JEV Laos at a MOI of 1 TCID50/cell. Porcine naïve serum was included as control. After that, virus/serum mixtures were added on hMDM and incubated for 30 min at 37°C, washed off and fresh medium was added. After 24 h of incubation at 37°C viral infectivity was determined by means of flow cytometry as described below.



Determination of Infected Cells

For immunofluorescence microscopy, cells were fixed with 4% formaldehyde for 10 min at room temperature, washed with PBS, and permeabilized with 0.3% saponin (PanReac AppliChem). The permeabilization procedure was performed for 20 min on ice in the presence of J2 monoclonal antibody directed to dsRNA (English and Scientific Consulting), or some experiments a rabbit antibody directed to the SARS-CoV nucleocapsid (N) protein (Rockland-inc) was included in this step. Subsequently, the cells were washed with 0.1% saponin, and cells were incubated for 20 min on ice with Alexa Fluor 488 conjugated anti-mouse IgG2a (ThermoFisher Scientific) or with Alexa Fluor 546 conjugated anti-rabbit (ThermoFisher Scientific) in 0.3% saponin. Cells were washed once with PBS prior to incubation with 4′,6-diamidino-2-phenylindole (DAPI; Sigma) for 5 min at 37 °C. Finally, the percentage of infected cells was determined by enumerating the dsRNA positive cells in 10 fields/well using an Axio Observer Z1 inverted microscope equipped with a Zeiss Colibri Illuminator (CarlZeiss) and digital imaging Zeiss software (AxioVision, v4). All generated images were analyzed using ImageJ software.

For the determination of infected cells by flow cytometry, macrophages and Vero E6 cells were harvested using TrypLETMSelect (Gibco) for 20 min at room temperature and fixed with 4% (w/v) formaldehyde. Thereafter, the cells were permeabilized/stained for 20 min on ice with 0.3% (w/v) saponin in PBS in the presence of a rabbit antibody directed to the SARS-CoV N protein (Rockland-inc). For some experiments we used an anti-dsRNA monoclonal antibody (J2, English and Scientific Consulting). For the determination of JEV infected cells anti-flavivirus E protein mAb 4G2 (IgG2a) was employed as primary antibody. The cells were subsequently washed, incubated for 10 min with anti-rabbit Alexa 488 or Alexa Fluor 647-conjugated anti-mouse IgG2a (ThermoFisher Scientific) and analyzed by flow cytometry (FACSCantoII, Becton Dickinson). For analysis, Flowjo V.9.1 software (Treestars, Inc.) was used. Dead cells were excluded by electronic gating in forward/side scatter plots, followed by exclusion of doublets.



Determination of Cytokines

Cell culture supernatants were analyzed for the presence of the following cytokines: Tumor necrosis factor (TNF), interferon beta (IFN-β), interleukin 6 (IL-6) and IL-1β were quantified by ELISA (R&D Systems) following the manufacturer’s instructions. Detection limits were 30 pg/ml for TNF, 10 pg/ml for IFN-β, 4 pg/ml for IL-1β and 9 pg/ml for IL-6.



Statistics

For the generation of figures and data analyses the GraphPad Prism 8 Software (GraphPad Software, Inc.) was employed. All experiments were independently performed 3 to 6 times with cells from different donors, and each experiment was run in triplicates. For viral titrations, differences between groups were assessed using a Kruskal–Wallis test, and for individual differences the Mann–Whitney U-test with Bonferroni correction as post hoc was employed. For group differences in the percentages of infected cells and levels of cytokines expression comparisons, a one-way ANOVA test with Bonferroni correction as post hoc was performed. Correlation analysis between infected cells, viral titers, and expressed cytokines were calculated by Spearman’s Rho analysis; a correlation between two different factors was considered relevant with R2 >0.5. A p value lower than 0.05 was considered statistically significant for every analyzed data. In figure 1, different superscript letters indicate a significant difference (p < 0.05) between the conditions. For the table 2 * indicates p <0.05, **p ≤0.002, ***p ≤0.001 and ****p ≤0.0001.




Results


Visualization of Coronavirus Replication by Immunolabeling of dsRNA

Taking into account that dsRNA is a replication intermediate located in double-membrane vesicles during coronavirus replication (Wolff et al., 2020), coronavirus-infected cells may be specifically detected by antibodies to dsRNA rather than by antibodies directed to viral proteins. In order to evaluate the suitability of dsRNA immunolabeling for this purpose, Vero E6 cells infected with either SARS-CoV or SARS-CoV-2 at MOI of 1 TCID50/ml, were double-stained for dsRNA and N protein, and analyzed by immunofluorescence microscopy or flow cytometry (Figure 1). While dsRNA staining allowed us to identify infected cells by immunofluorescence microscopy to a similar degree as N protein labeling (Figures 1A, B), flow cytometry only worked when the N protein was labeled (Figure 1A). This experiment demonstrated that immunolabeling of dsRNA allows the identification of cells infected with different coronaviruses by immunofluorescence microscopy in the absence of antibodies specifically recognizing viral proteins. On the other hand, the labeling of N protein in combination with flow cytometry is an efficient way of detecting cells infected by SARS-CoV or SARS-CoV-2.




Figure 1 | Determination of SARS-CoV and SARS-CoV-2 infected hMDM by immunolabeling for dsRNA and N protein. Vere E6 cells were infected with SARS-CoV and SARS-CoV-2 at MOI 1 TCID50/cell, and after 24 hpi dsRNA and N protein were labeled with specific antibodies. The nuclei were stained with DAPI. Then positive cells for dsRNA and N were quantified either by flow cytometry or immunofluorescence microscopy (A). In (B) example of representative images acquired by fluorescence microscopy is shown. The scale bar represent 40 µm. The data are from three independent experiments. Statistically significant differences between the conditions are indicated by asterisks (ns indicates non-statistical differences, *p < 0.05, **p ≤ 0.002 and ****p ≤ 0.0001).





Human Coronaviruses Differ in Their Ability to Infect hMDM

Infection of hMDM with HCoV-299E, MERS-CoV, SARS-CoV and SARS-CoV-2 at MOI of 1 TCID50/cell demonstrated high susceptibility to infection with the common cold virus HCoV-229E, low susceptibility to infection with the highly pathogenic coronavirus MERS-CoV, and resistance to infection by SARS-CoV and SARS-CoV-2, in terms of dsRNA immunostaining(Figures 2A, B). Quantification of the number of infectious virus particles in the cell culture supernatants showed that only HCoV-229E and MERS-CoV replicated efficiently in hMDM (Figure 2C). Although HCoV-229E showed higher percentages of infected hMDM (32.79% ± 18.79 SD) the highest virus titers were found in the cell culture supernatant of macrophages infected with MERS-CoV (Figure 2C). Nevertheless, it has to be taken into consideration that all experiments were performed at 37°C although the optimal temperature for HCoV-229E is 33°C (Dijkman et al., 2013). Viral titers of SARS-CoV and SARS-CoV-2 were not statistically significantly different compared to the mock control. The background signal detected for some wells might be due to remaining viral particles from the inoculum that stayed bound to the hMDM surface and were not removed by washing the cells.




Figure 2 | Susceptibility of hMDM to different human coronaviruses. Human MDM were inoculated with different coronaviruses (hCoV-229E, MERS-CoV, SARS-CoV-1 and SARS-CoV-2) using an MOI of 1 TCID50/cell. Mock-infected cells were included as controls. After incubating the cells for 1.5 hours, the inoculum was removed, the cells washed, and fresh medium added. At 24 hpi, dsRNA in the cells was detected with a specific antibody and nuclei were stained with DAPI; the scale bar represents 40 µm. (A) The percentage of dsRNA-positive hMDM was calculated for 10 fields per condition (B). In (C) virus titers are shown. The same experiment was repeated with hCoV-229E, SARS-CoV-1 and SARS-CoV-2, and infected cells were quantified at 24, 48 and 72 hpi (D). The relative number of total hMDM per well was calculated taking as reference the number of cells at 24 hpi (E). The data from three independent experiments run in triplicates are shown in each panel. Statistically significant differences between the conditions are indicated by different superscript letters in (B, C) (p < 0.05), and by asterisks in (D, E) (****p ≤ 0.0001).



We also tested infectivity of hMDM to SARS-CoV or SARS-CoV-2 at later time points, including 48 and 72 hpi. While HCoV-229E efficiently infected hMDM neither SARS-CoV nor SARS-CoV-2 were able to infect hMDM at any of the time points (Figure 2D). Moreover, only HCoV-299E but not SARS-CoV and SARS-CoV-2-infected hMDM showed a significant decrease of the number of cells, indicating a virus-induced cytopathogenic effect (Figure 2E).



Human MDM Produce Cytokines Following Infection With HCoV-229E

Human MDM infected by HCoV-229E, but not by MERS-CoV, SARS-CoV or SARS-CoV-2, secreted TNF, and low levels of both IFN-β and IL-6 (Figure 3). None of the tested coronaviruses induced secretion of IL-1β. Taking into consideration that viral RNA might induce innate immune responses, we tested the correlation between the percentage of dsRNA positive cells, viral titers and level of secreted cytokines. The results found a clear association between the percentage of infected cells and secreted cytokine levels but not with viral titers (Table 1).




Figure 3 | Human MDM immune response after coronavirus infection. Human MDM were inoculated with different coronaviruses (hCoV-229E, MERS-CoV, SARS-CoV-1 and SARS-CoV-2) as described before. Mock-infected cells or cells treated with LPS or poly I:C served as controls. After 24 hpi TNF (A) IFN-β (B) and IL-6 (C) were determined in the cell culture supernatants. The data from three independent experiments run in triplicates are shown. Different superscript letters indicate a significant difference (p < 0.05) between the conditions.




Table 1 | Correlation analysis between dsRNA positive hMDM, infectious virus titers and pro-inflammatory cytokines.





Human MDM Express SARS-CoV-2 Receptor ACE2 but No or Low Levels of TMPRSS2

First, as hMDM were resistant to infection by SARS-CoV-2, we assessed the expression levels of the viral cell receptor ACE2, as well as TMPRSS2, a serine protease involved in the proteolytic activation of the spike protein (Hoffmann et al., 2020; Shang et al., 2020). For that, double immunolabeling of cell ACE2 and TMPRSS2 was performed in hMDM after differentiation, and their expression was assessed by flow cytometry (Figure 4); A549 cells transfected with ACE2 and TMPRSS2 were used as positive control. This experiment showed that hMDM express high levels of ACE2 (33.3% ± 8.25SD; Figure 4A) comparable to the A549 cells transfected with ACE2 and TMPRSS2 (29.8% ± 3.55SD; Figure 4A). On the other hand, the percentage of TMPRSS2 positive hMDM was very low (3.03% ± 2.17SD; Figure 4A) when compared to the A549 cells transfected with ACE2 and TMPRSS2 (25.3% ± 2.66SD; Figure 4A). These results indicate that although hMDM express the SARS-CoV-2 receptor ACE2, the lack of expression of TMPRSS2 might prevent infection.




Figure 4 | ACE2 and TMPRSS2 expression in hMDM. After 6 days of differentiation ACE2 and TMPRSS2 were immunolabeled with specific antibodies and positive cells were assessed by flow cytometry. A549 cells transfected with ACE2 and TMPRSS2 were used as control (A). Representative histograms for each marker in the analyzed cells are shown (B). The data from 5 different human donor hMDM run in triplicates are shown. Statistically significant differences in the expression of each marker between both cell types are marked by asterisks (****p ≤ 0.0001).





Antibodies From Convalescent COVID-19 Patients Neither Induce Antibody-Dependent Enhancement of Infection of hMDM With SARS-COV-2 Nor Promote Cytokine Responses

First, as a positive control for ADE in hMDM, sera from immunized pig that were previously demonstrated to induce a high ADE of JEV in porcine MDM (Garcia-Nicolas et al., 2017) were used. Despite the low binding of porcine IgGs to human FcR (Antonsson and Johansson, 2001), this experiment showed that such JEV immune complexes can enhance the infection of hMDM (Supplementary Figure 1) compared with both the JEV Laos control for the infection and the same dilution for the naïve porcine serum. This experiment showed the validity of the methodology to test ADE of infection in hMDM.

Next, selected COVID-19 sera with a neutralization titer below 1:10 and with a neutralization titer of 1:240, were diluted serially from 1:10 to 1:1000, mixed with SARS-CoV and SARS-CoV-2, and then added to Vero E6 cells. Both sera demonstrated a dilution-dependent inhibition of SARS-CoV-2 infection. In addition, a cross-reactivity of COVID-19 convalescent patient sera with SARS-CoV-1 was observed, confirming previous reports (Zettl et al., 2020) (Table 2).


Table 2 | Summary data for virus neutralization on Vero E6 cells and antibody-dependent enhancement of infection or cytokine response by hMDM for SARS-CoV and SARS-CoV-2-antibody complexes”+” detected; “-” not detected; “NT” not tested.



Using the same approach, a larger collection of sera from COVID-19 convalescent patients with neutralization titers ranging from <10 to 1:2560 was incubated at different concentrations with SARS-CoV and SARS-CoV-2 and added to hMDM. Importantly, with none of the tested serum dilutions which went up to 1:10000 infection of hMDM was observed. Moreover, hMDM exposed to virus-antibodies complexes did not secrete any detectable pro-inflammatory cytokines (Table 2). These results indicate that the potential uptake of SARS-CoV and SARS-CoV-2 via FcR does not result in infection and activation of human macrophages.




Discussion

A first observation of the present study was that in contrast to the common cold virus hCoV-229E and MERS-CoV, SARS-CoV and SARS-CoV-2 were unable to infect hMDM. The receptor for SARS-CoV-2 is angiotensin-converting enzyme 2 (ACE2) typically expressed on ciliated epithelial cells, goblet cells, type II alveolar pneumocytes as well as other cells from different organs as enterocytes (Sungnak et al., 2020). However, there are conflicting reports on the infection of human macrophages by SARS-CoV. While one study described very limited ACE2 expression by macrophages (Sungnak et al., 2020), another report postulated that the receptor is expressed on tissue resident macrophages (Song et al., 2020). Although we showed in the present study that about 30% of the hMDM express ACE2 under the described culture/differentiation conditions, hMDM were not permissive to SARS-CoV or SARS-CoV-2. Of note, the expression of a truncated ACE2 isoform (dAEC2) has been demonstrated upon IFN stimulation or viral infection (Onabajo et al., 2020). While remaining biologically active, dAEC2 does not facilitate SARS-CoV-2 spike binding and does not serve as an entry receptor. Whether hMDM express dACE2 remains to be formally determined. Following attachment of virions to the cell surface, the spike protein may be proteolytically activated and is able to trigger membrane fusion and release of the viral genome into the cytosol of the host cell. The proteolytic cleavage by TMPRSS2 or related enzymes normally takes place at the cell surface as well as the subsequent membrane fusion (Hoffmann et al., 2020). In the absence of TMPRSS2, SARS-CoV and SARS-CoV-2 may be proteolytically activated following receptor-mediated endocytosis by cathepsin B/L (Hoffmann et al., 2020; Shang et al., 2020). The present study shows that TMPRSS2 is expressed at very low levels in hMDM, which is in line with a previous publication describing very limited expression of TMPRSS2 expression in human macrophages (Sungnak et al., 2020). Therefore, we speculate that this might be an important limiting factor for the viral entry in macrophages. Moreover, recently it has been described that the p41 invariant chain of CD74 (major histocompatibility complex class II) can inhibit the cathepsin-mediated cleavage of viral envelope proteins (Bruchez et al., 2020). As macrophages constitutively express CD74 (Cho and Roche, 2013) the presence of the p41 invariant chain might block the activity of cathepsin B/L contributing to the resistance of hMDM to the infection by SARS-CoV and SARS-CoV-2. In COVID-19 patients, the viral nucleoprotein N has been detected in macrophages from lymphoid organs of COVID-19 patients (Park, 2020), but it is not clear whether this was caused by direct infection or as a consequence of phagocytosis of infected cells.

The infection of hMDM by HCoV-229E is in line with the expression by these cells of aminopeptidase N (CD13), the cellular receptor for HCoV-229E (Yeager et al., 1992). It is also in agreement with previous reports describing the infection of alveolar macrophages by HCoV-229E (Funk et al., 2012). The cellular receptor for MERS-CoV dipeptidyl peptidase-IV (DPP4 also known as CD26) is expressed at low levels by human monocytes and macrophages of healthy donors (Wang et al., 2013; Zhong et al., 2013; Rao et al., 2018; Rao et al., 2019), which could explain MERS-CoV infection of hMDM in our experiments.

Our results are also in line with a previous report demonstrating that following infection with HCoV-229E human macrophages strongly secrete TNF, but also produce IL-6 and some IFN-β (Funk et al., 2012). Finally, we also noticed a poor innate immune response of macrophages following infection with MERS-CoV, confirming a previous report that showed similar results (Zhou et al., 2014).

While writing the present manuscript contradictory data were published claiming that SARS-CoV-2 induces an immune activation of hMDM (Zheng et al., 2020). These conflicting results might be the consequence of different methodologies used. While we employed purified monocytes to generate macrophages in six days, Zheng and collaborators kept PBMC with M-CSF for four days and then for another 10 days when the cells became adherent (Zheng et al., 2020). Another important methodological difference is that our study used ELISA to detect cytokines while Zheng and collaborators analyzed mRNA by RT-PCR. As the levels of mRNA induction found were rather low (fold change increase below 0.3), it is possible that protein detection by ELISA would have been below the detection limit as well. We are therefore proposing that hMDM generated from pure monocytes are not permissive to SARS-CoV-2 infection and do not mount inflammatory responses. This is in contrast to HCoV-229E and the TLR ligand controls. While future studies expanding to tissue macrophages are important, our results indicate that proinflammatory responses observed during COVID-19 may not be the result of macrophage infection but rather originate from other innate immune cells or a complex interaction between different immune cells which could include macrophages. Therefore, to understand these events more immune cells such as plasmacytoid dendritic cells that are at the frontline of the antiviral cytokine responses should be investigated.

In view of a potential link between ADE and inflammation during COVID-19 in the presence of antibodies, we tested this hypothesis using hMDM. With the selected sera from convalescent COVID-19 patients and the described conditions, even at very high serum dilutions and with sera that had low levels of neutralizing antibodies, we did not find evidence for antibody mediated enhancement of macrophage infection or pro-inflammatory cytokine responses. Interestingly, sera of COVID-19 convalescent patients showed cross-reactivity to SARS-CoV (Zettl et al., 2020), despite that the sera did not enhance infection of hMDM by this virus. This is in line with a previous report showing that the presence of cross-reacting antibodies against SARS-CoV-2, originating from previous endemic coronavirus infections, were not linked with more severe COVID-19 (Ng et al., 2020). Furthermore, in vaccination/challenge experiments carried out in macaques no signs of enhanced disease were detected (Gao et al., 2020; Yu et al., 2020). Finally, COVID-19 patients treated with plasma transfusion from convalescent patients did not show signs of disease aggravation (Casadevall and Pirofski, 2020; Joyner et al., 2020). Altogether, these data are in line with our findings, demonstrating that hMDM are not infected or activated by SARS-CoV-2 neither by direct contact nor mediated by antibodies from convalescent COVID-19 patients. Although the lack of hMDM infection by SARS-CoV and SARS-CoV-2 provides evidence of a lack of ADE, our study cannot exclude ADE effects on other FcR-expressing cells as well as a possible role of the complement system or T-cell mediated inflammation.
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The establishment of SARS CoV-2 spike-pseudotyped lentiviral (LV) systems has enabled the rapid identification of entry inhibitors and neutralizing agents, alongside allowing for the study of this emerging pathogen in BSL-2 level facilities. While such frameworks recapitulate the cellular entry process in ACE2+ cells, they are largely unable to factor in supplemental contributions by other SARS CoV-2 genes. To address this, we performed an unbiased ORF screen and identified the nucleoprotein (N) as a potent enhancer of spike-pseudotyped LV particle infectivity. We further demonstrate that the spike protein is better enriched in virions when the particles are produced in the presence of N protein. This enrichment of spike renders LV particles more infectious as well as less vulnerable to the neutralizing effects of a human IgG-Fc fused ACE2 microbody. Importantly, this improvement in infectivity is observed with both wild-type spike protein as well as the D614G mutant. Our results hold important implications for the design and interpretation of similar LV pseudotyping-based studies.
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Introduction

The ongoing coronavirus disease 2019 (COVID-19) pandemic has provided a strong impetus for studies aimed at discovering and characterizing neutralizing antibodies or small molecule inhibitors targeted against the severe acute respiratory syndrome coronavirus 2 (SARS CoV-2). A major focus of these efforts has been the spike (S) glycoprotein of the virus, which mediates the viral entry into target cells by recognition and binding to the cell-surface receptor angiotensin-converting enzyme 2 (ACE2) (Huang et al., 2020; Sreepadmanabh et al., 2020).

Numerous studies have demonstrated that the spike protein may be employed to generate stably pseudotyped lentiviral, retroviral, and vesicular stomatitis virus particles (Crawford et al., 2020; Johnson et al., 2020; Plescia et al., 2020; Shang et al., 2020; Neerukonda et al., 2021). Given that live SARS CoV-2 is a biosafety level-3 agent, these pseudotyping approaches have greatly facilitated investigations undertaken within lower containment facilities. Importantly, this has also allowed for the screening and characterization of neutralizing antibodies against SARS CoV-2, as these primarily show reactivity against the spike protein (Tandon et al., 2020). Furthermore, such pseudoviruses are deployable as platforms for the large-scale screening of small molecule inhibitors and pharmacological agents which possess therapeutic potential against COVID-19 (Hu et al., 2020).

In this regard, capitalizing on the interaction of the S protein with cellular ACE2, strategies have been reported which utilize chimeric ACE2 fused to the Fc region of human IgG as a potent neutralizing agent against spike-pseudotyped viruses (Lei et al., 2020). This arsenal now includes variations such as mutations to the catalytic region of ACE2 (thereby preventing undesirable side-effects during in vivo administration), and modified Fc domain (Lei et al., 2020; Tada et al., 2020). However, a common feature of these studies is that they invariably adopt pseudoviruses which are enveloped by spike, but do not incorporate contributions from any other SARS CoV-2 proteins.

This point is particularly crucial in light of the manifold roles adopted by various proteins of the SARS CoV-2, as has been highlighted in recent interactome studies (Gordon et al., 2020; Khorsand et al., 2020). Indeed, the specific effects of these genes continue to be investigated and represent a wide diversity of specialized functions. Building on this, we hypothesized that specific genes of the SARS CoV-2 could play a key role in enhancing the infectivity of viral particles. To probe this, we undertook an unbiased screen of twenty-four ORFs, NSPs, and structural protein genes of the SARS CoV-2 using spike-pseudotyped lentiviral particles. Our observations implicated the N protein as an enhancer of viral infectivity for both the wild-type as well as the highly infectious D614G mutant of the spike glycoprotein. We further show that this enhancement of infectivity renders the viral particles less sensitive to ACE2-Immunoglobulin chimera-mediated neutralization.



Methods


Cell Culture

HEK293T (from ECACC) and ACE2-positive HEK293T were cultured in DMEM containing 10% Fetal Bovine Serum (US origin certified serum), 1% penicillin-streptomycin, and 2 mM L-glutamine (complete medium), all obtained from Gibco. The ACE2 expressing stable HEK293T cell line was generated by transduction with lentiviral particles followed by selection with hygromycin until the entire non-transduced population was eliminated. Expression of ACE2 was verified as described below.



Plasmids

The list of plasmids that were used in this study is provided in the Supplementary Information (refer to “Table S1: List of Plasmids”) and are available upon request. pScalps-Luciferase-Zsgreen was generated by cloning a firefly luciferase gene that was PCR amplified with primers incorporating the XhoI/EcoRI restriction sites. The resultant PCR product was digested and ligated in the pScalps Zsgreen plasmid using identical sites and the inserts were confirmed by Sanger sequencing.

ACE2 expressing lentiviral plasmid was generated by amplifying ACE2 encoding gene from the Addgene plasmid #154987 and cloning into a modified pScalps lentiviral vector carrying the hygromycin selection marker. SARS CoV2 encoding genes (detailed below in “Table S1: List of Plasmids”) were generously provided by the Nevan Krogan Lab in the lentiviral backbone pLV-TetONE, which were further subcloned into a non-viral pcDNA based custom-designed vector for expression of these gene in transient transfection assays. After cloning, each gene of interest preserved the Strep tag in-frame.

Site-directed mutagenesis was employed to generate a D614G mutant version of the SARS CoV-2 spike glycoprotein from the available sequence (Addgene, plasmid catalog #155297). Using a pair of mutation-carrying primers (forward primer: 5’-GGTGCAATTCACGCCCTGGTACAGCAC-3’ and reverse primer: 5’-GTGCTGTACCAGGGCGTGAATTGCACC-3’), the plasmid was PCR amplified. The products were processed using a PCR cleanup kit (Macherey-Nagel), digested with Dpn1 (Thermofisher Scientific) overnight, and used to transform competent XL1-blue bacterial strain. Colonies obtained were screened, plasmids were sequenced (using the primer: 5’-TCGGAAGGGACATCGCTGAT-3’), and a final clone matching the desired mutation was obtained. All the oligos for generation/sequencing of the plasmids used in this study were custom synthesized by Sigma-Aldrich.



Virus Production and Quantification

In general, lentiviral particles were produced by calcium phosphate transfection of HEK293T with 8 µg of transfer vector, 6 µg of packaging plasmid (psPAX2) and 2 µg of envelope plasmid (spike-expressing plasmid or pMD2.g). The culture medium was replaced at 16h-post transfection. Lentiviral vector-containing supernatant was collected 48h after transfection and was centrifuged and filtered through 0.22 µm syringe filters. The infectivity assay was performed after normalizing reverse transcriptase (RT) units obtained from an SGPERT assay as described earlier (Pizzato et al., 2009). Briefly, the target cells were infected in quadruplicates (or at least triplicate) with up to 125-fold dilutions and the infectivity was acquired from the dilutions in the linear range as reported previously (Chande et al., 2016). Expression of GFP or Luciferase as a quantitative measure of infection was acquired using SpectraMax-i3X plate reader (Molecular Devices, USA) or High-content imaging platform (CellInsight CX7, ThermoFisher Scientific).

The SARS CoV-2 genes’ screen was performed by producing spike pseudotyped lentiviruses from HEK293T cells that were seeded in 12-well plate. Next day cells were transfected with pScalps luciferase Zsgreen (800 ng), psPax2 (600 ng), spike expression plasmid (200 ng), and either vector control or ORF carrying vector (300 ng) by the calcium phosphate method. Culture medium was replaced with fresh medium 16h after transfection. Spike pseudotyped viruses were collected after 48h of transfection. Supernatant collected was centrifuged at 1200xg for 5 min and filtered using a 0.22 µm syringe filter.

Spike pseudotyped viruses were then used to transduce ACE2 expressing HEK293T cells to check the infectivity level by either GFP positive cell count and or Luciferase assay.

To quantify the RT units, 5 µl viruses were lysed in a 5 µl lysis buffer and diluted with a core buffer to make volume 100 µl. A 10 µl diluted viral lysate was mixed with an equal volume of 2X reaction buffer and the SGPERT assay was performed.

For immunoblotting of proteins incorporated into lentiviral particles, the lentiviral particles-containing supernatant was concentrated on sucrose cushion by ultracentrifugation at 100,000Xg for 2 hours at 4°C (Chande et al., 2016). Viral pellet obtained was resuspended in the Laemmli buffer containing 50mM TCEP as a reducing agent.

Murine Leukemia Virus (MLV)-derived vectors were produced, from HEK293T cells seeded in a 12-well plate format, by transfecting 800 ng of MLV-NCA Zsgreen plasmid with 200 ng of VSV-G envelope or spike glycoprotein encoding plasmid (200ng), either in the presence or absence of N-encoding plasmid (200ng). The reverse transcriptase units were quantified by SGPERT assay and ACE2-positive HEK293T served as target cells. The infection was quantified by counting the GFP positive cells using the SpectraMax-i3X plate reader.



Gene Expression

To check the expression of ACE2 in ACE2-transduced HEK293T cells we isolated the RNA from HEK293T and ACE2-transduced HEK293T by Trizol method. The cDNA was synthesized from 1µg of RNA using oligodT primers obtained from both the cells. To quantify the level of ACE2 expression, RT-PCR was performed using ACE2 specific primers 5’-GGGATCAGAGATCGGAAGAA-3’ forward and 5’-AGGAGGTCTGAACATCATC-3’ reverse and GAPDH as control with primers 5’-TGGAGAAGGCTGGGGCTCATTTGCA-3’ forward and 5’-CATACCAGGAAATGAGCTTGACAA-3’.

Quantitative real-time (qRT-PCR) for determining the expression of spike glycoprotein both in the absence and presence of N was carried out by isolating the DNA-free RNA from transfected cells as described above, and then processed for qRT-PCR using the spike-specific primers 5’- GCAACGTGACCTGGTTCCAC-3’ in forward and 5’- CGATCAGCAGGCTCTGGGTC-3’ in reverse.



Luciferase Assay and GFP Cell Count

Luciferase assay was performed in 96-well plates to quantify level of transduction by spike pseudotyped viral particles. Equal numbers of ACE2+ HEK293T cells were seeded in 96-well plates (10,000 cells/well) 24h before transduction and incubated with the various pseudotyped viruses for 48h. Zsgreen (GFP) cell count was first scored using the SpectraMax-i3X system (Molecular Devices). Media was aspirated from each well post-GFP acquisition and cells were lysed by treatment with 100 µl lysis buffer for 20 minutes at room temperature. Luciferase readings were measured using SpectraMax-i3X by injecting 50 µl of substrate buffer in 50 µl of cell lysate in 96-well white plates. Specifics of buffer composition may be found below in the section titled “Buffers and common reaction mixtures”.



Western Blotting

For Western blot-based analysis, samples were prepared in a 4X Laemmli buffer and run on either 8%, 12.5%, or 15% tricine gels for electrophoresis depending upon the molecular weight range being detected by this method. Following this, gels were electro blotted on the PVDF membrane (Immobilon-FL, Merck-Millipore). Blocking of membranes was carried out by incubation with either a 5% BSA solution or the proprietary Odyssey Blocking Buffer (LI-COR Biosciences) for one hour, followed by both primary and secondary antibody incubations for one hour each at room temperature, each of which were followed by three washes of five minutes each.

Detection of p24, beta-actin, SARS CoV-2 spike glycoprotein, Strep-tagged SARS CoV-2 genes, and ACE2-IgFc was carried out using mouse anti-p24 (NIH ARP), rabbit anti-beta actin (LI-COR Biosciences, Cat# 926-42210, RRID: AB_1850027), mouse anti-spike (Cat# ZMS1076, Sigma Aldrich), mouse anti-Strep (Qiagen, Cat# 34850), and mouse anti-Histidine (Invitrogen, Cat# MA1-21315), respectively, as primary antibodies. Secondary antibodies used were either IR dye 680 goat anti-mouse, IR dye 800 goat mouse, or IR dye 800 goat anti-rabbit (LI-COR Biosciences Cat# 925-68070, RRID: AB_2651128, and LI-COR Biosciences Cat# 925-32211, RRID: AB_2651127).



Flow Cytometry

HEK293T cells were transfected with either pScalps Luciferase Zsgreen alone or along with N protein. Cells were harvested after 48 hours, fixed in 4% paraformaldehyde, and prepared for flow cytometry after removing the fixative. As a control, HEK293T cells were also processed in a similar manner.



ACE2-IgFc Microbody Constructs

Genomic DNA isolated from HEK293T cells using the Macherey-Nagel Nucleospin kit (#740952.50) was used as a template for PCR amplifying the Fc region of human IgG. The forward primer 5’-CAGCACCTGAACTCCTGGGGGGACCG-3’ and reverse primer 5’-CCTTTGGCTTTGGAGATGGTTTTC-3’ was used to amplify the first exon encoding the Fc region. The forward primer 5’-AGGGCAGCCCCGAGAACCACAGGTG-3’ and reverse primer 5’-TTTACCCGGAGACAGGGAGAGGCT-3’ was used to amplify the second exon encoding the Fc region. Both fragments were individually amplified further using the combination of forward and reverse primers as 5’-GAAAACCATCTCCAAAGCCAAAGGGCAGCCCCGAGAACCACAGGTG-
’3’ and 5’-TATATATTCTAGATTAATGGTGATGGTGATGATGGCCGCCTTTACCCGGA
GACAGGGA-3’ for the first exon’s amplicon and 5’-ATATATCTCGAGGACAAAACTCACACATGCCCACCGTGCCCAGCACCT
GAACTCCTG-3’ and 5’-CCTTTGGCTTTGGAGATGGTTTTC-3’ for the second exon’s amplicon, respectively. Finally, both these fragments were combined using the forward primer 5’-ATATATCTCGAGGACAAAACTCACACATGCCCACCGTGCCCAGCACCT
GAACTCCTG-3’ and reverse primer 5’-TATATATTCTAGATTAATGGTGATGGTGATGATGGCCGCCTTTACCCGGA
GACAGGGA-3’ to generate the final Fc fragment, which was cloned into pTZ57R.

Addgene (#154987) was used as template for ACE2 amplification, using the forward primer 5’-GAACAAGAATTCTTTTGTGGGA-3’ and reverse primer 5’-TTTGTCCTCGAGGGAAACAGGGGGCTGGTTAG-3’ a 421 bp fragment of the same was amplified and cloned into pTZ57R.

Using an EcoRI/XhoI digestion, the ACE2 fragment was combined upstream of the Fc, and the combined fragment was ligated into the ACE2 containing plasmid using a EcoRI/XbaI digestion to yield the final ACE2-IgFc construct. The construct was verified with Sanger sequencing (refer to “Table S2: Sequences of ACE2-IgFc”).



Biochemical Characterization of ACE2-IgFc Microbody

HEK293T cells were transfected with the plasmid encoding ACE2-IgFc (5 µg plasmid in a 35 mm dish). As a control, 5 µg of pcDNA3.1BS(-) was also transfected. Media was changed twelve hours post-transfection and fresh DMEM (without FBS) was added to the dishes. Culture media was collected both 48- and 72-hours post-transfection, and samples were prepared in either 8% or 2% SDS-containing 4X Laemmli buffer (with and without TCEP added, respectively) for SDS-PAGE. 8% tricine gels were run, and analyzed using Western Blotting. The amount of ACE2 present in the supernatant was determined by comparison with standard concentrations of pure BSA as ascertained by band density analysis following silver staining of SDS-PAGE gels. For Western Blotting, the proteins were transferred to a PVDF membrane, blocked in a 5% BSA solution in TBS, and primary mouse-derived anti-Histidine antibodies were incubated with the blot in a 1:4000 dilution, followed by goat-derived anti-mouse antibodies in a 1:5000 dilution.



Pull-Down Assay Using ACE2-IgFc

Thirty microliters of protein-G Dynabeads (Thermofisher Scientific Cat #10003D) were first equilibrated by washing with 10% FBS-containing DMEM. Following this, these were incubated with gentle mixing by inversion for 15 minutes with 100 µl of ACE2-IgFc containing supernatant (equivalent of 10 µg/ml). This was split into three equal fractions of 10 µl each. The beads-containing mixtures then were immobilized on a magnetic rack, supernatant was aspirated off, and replaced with 100 µl (10mU equivalent/mL RT) of culture supernatant carrying either bald viruses or viruses pseudotyped with VSV-G or Spike glycoproteins. Mixing was carried out for a period of 15 minutes, following which these were placed back on the magnetic rack, supernatant was aspirated, and the beads washed twice with SGPERT Core Buffer - first with 500 µl and then with 100 µl. Finally, 20 µl of RT Lysis Buffer was added and the reaction was incubated at room temperature. Following this, the reaction was 10-fold diluted using core buffer. The resulting supernatant was collected after immobilizing the beads and processed for an SGPERT Assay.



Neutralization Assay

To quantify the amount of ACE2-IgFc required to inhibit the infection in ACE2+ HEK293T cells, we treated 100 µl of spike pseudotyped virus (normalized to RT units) with a variable amount of ACE2-IgFc diluted in the growth medium. The mixture was incubated for fifteen minutes at room temperature, following which each sample was used to transduce ACE2+ HEK293T cells seeded in 96-well plates. Luciferase assay was performed 48 hours post-transduction, with readings acquired using the SpectraMax-i3X plate reader.



Buffers and Common Reaction Mixtures

TBS (Tris-Buffered Saline) was prepared by mixing a 500 mM solution of Tris (pH 7.4) with water and NaCl (up to a final concentration of 1500 mM). For making TBS-T, Tween-20 (Sigma Aldrich) was added to TBS up to a final concentration of 0.01%.

For making 4X Laemmli buffer, components were mixed to achieve the final concentrations as follows: 200 mM Tris (pH 6.8), 40% glycerol (Sigma Aldrich), 50 mM Tris(2-carboxyethyl)phosphine (TCEP) (Thermo Scientific), 8% SDS (Sigma Aldrich), and water up to 50 ml. Non-reducing buffer conditions were achieved by removing TCEP from the above formula and decreasing the amount of SDS added to a final concentration of 2%.

A proprietary Odyssey Buffer for blocking of membranes and dilution of antibody stocks was used as supplied (LI-COR Biosciences).

Luciferase assay buffers were prepared as a lysis buffer and substrate buffer. Lysis buffer required a final concentration of components as 1% Triton X-100 (Sigma Aldrich), 25 mM Tricine (VWR), 15 mM of potassium phosphate (at pH 7.,8), 15 mM MgSO, 4 mM EGTA, and 1 mM DTT, with water to make up the solution. Substrate buffer required further addition of 1 mM DTT (VWR Scientific), 1 mM ATP (Sigma Aldrich), and 0.2 mM D-Luciferin (Cayman) to the aforementioned lysis buffer. All fine chemicals were procured from Sigma-Aldrich unless otherwise indicated.

Harvesting of cell samples for Western blotting was carried out using the RIPA lysis buffer (Lysis Buffer, 2017).



Software and Statistical Analysis

All graphs were generated using GraphPad Prism (version 9.0). Statistical analysis was carried out using the in-built algorithms bundled with the software. Two-tailed unpaired t-test was used to calculate the statistical significance shown for all pairwise comparisons, where **** = p <0.0001, *** = p <0.001, ** = p <0.01, and * = p <0.05. Specific portions of images were produced using Biorender. Band intensities of Western blots were calculated using the in-built analytical tools from the Image Studio Lite Ver. 5.2 (LI-COR Biosciences).




Results

A custom-designed transfer vector (Figure 1A), termed pScalps Luciferase-Zsgreen, as well an ACE2-expressing HEK293T cell line (Figure 1B) were generated for this study. To investigate the effect of various SARS CoV-2 genes on viral infectivity, we undertook an unbiased screen, as outlined by the schematic in Figure 1C. Briefly, HEK293T producer cells were transfected with plasmids encoding the codon-optimized S protein (with a nineteen amino-acid deletion at the C terminal), the packaging plasmid psPAX2, and the pScalps Luciferase-Zsgreen reporter plasmid. Alongside this, each one of the twenty-four SARS CoV-2 genes was separately co-transfected with the above.




Figure 1 | Experimental setup and constructs. (A) Schematic representation of the pScalps Luciferase Zsgreen lentiviral reporter construct. (B) ACE2 expression from the hygromycin selected HEK293T cell line transduced with a ACE2 gene carrying lentiviral vector. (C) Schematic depiction of the SARS CoV-2 genes’ screen. Transfection with an empty vector served as control. Readout from the screen was obtained in the form of firefly luciferase activity or GFP-positive cell count.



ACE2-expressing HEK293T cells were transduced with viruses produced in the presence of indicated SARS CoV-2 genes, and the extent of infectivity was gauged as a measure of both GFP-positive cell count and firefly luciferase activity 48 hours post-infection (Figure 2A). Expression of all the SARS CoV-2 genes was verified (Supplementary Figure 1A) and the effect of this expression was also checked on the lentiviral capsid levels by western blotting from the producer cell lysates (Figure 2B). While non-uniform expression pattern of a minor subset of these genes could be a limitation, we identified the nucleocapsid (N) protein as a prominent enhancer of spike-pseudovirus infectivity. We scored the effects on infectivity in conditions where the co-expression of SARS CoV-2 genes increased the infectivity without an apparent effect on the lentiviral capsid levels (Figure 2B). The particle infectivity enhancement by N was also discernible with a GFP reporter in the ACE2-postive target cells suggesting this assay reliably measures transduction events (Figure 2C). Additional control experiments were performed to exclude the influence of N protein on the reporters (Figures 2D, E) which helped determine that there is no significant effect of the N protein on either of these. Additionally, the infectivity-enhancement effect of N was not observed in the case of VSV-G pseudotyped lentiviral particles (Supplementary Figure 1B). We also employed an MLV vector to determine whether the observed phenotype was specific to HIV-1 core-based particles. While VSV-G pseudotyped MLV virions did not show any N-dependent infectivity enhancement, spike-MLV pseudovirions did mirror the enhancement in infectivity observed with the lentiviral particles (Figure 2F and Supplementary Figure 1C). Further, based on recent reports of a relatively more infectious D614G spike glycoprotein variant (Zhang et al., 2020), we decided to screen the same to assess the effect of N protein. Cellular expression of the mutant protein at levels comparable with the wild-type spike was confirmed by Western blotting (Supplementary Figure 1D). Consistent with previous reports, the mutant strain produced pseudoviruses which were more infectious as compared to wild-type spike-pseudovirions (Figure 2G and Supplementary Figure 1E). On top of this, inclusion of the N protein during particle production allowed for an even higher extent of infectivity, which reaffirmed its role in a manner consistent with the above results. Cumulatively, these results appear to implicate the viral N protein as an intrinsic enhancer of lentiviral spike-pseudotyped particle infectivity.




Figure 2 | SARS CoV-2’s N protein enhances retroviral spike-pseudotyped particle infectivity. (A). Results from the screen of SARS CoV-2 genes, either by quantifying luciferase activity (left panel) or GFP positive cell count (right panel). Vector normalized values for both readout methods has been shown, such as to indicate the percentage change relative to the baseline (indicated by the dotted line). Background signal levels are indicated by the non-enveloped (Non. env.) condition. n=4 ± SD. (B) p24 levels from the virus-producing cells for all the SARS CoV-2 genes were detected by Western blotting. Actin served as loading control. (C) Microscopy images for the infected cells with indicated conditions (scale 100 μm). (D) Representative flow cytometric analysis of the effect of N protein on Zsgreen expression, using populations transfected with either the reporter plasmid alone (red fraction) or along with the N protein (cyan fraction). (E) Quantification of the luciferase gene expression from the pScalps Luciferase Zsgreen reporter plasmid with and without the presence of N protein. n=4 ± SD. (F) Infectivity of MLV vector pseudotyped with the spike glycoprotein for both N-exclusive and N-inclusive conditions, normalized to the former. n=3 ± SD (G) Comparison between the infectivity of both wild-type spike and the D614G mutant, with and without N protein co-transfection, normalized to the wild-type spike-only condition n=6 ± SD. *p < 0.05; ****p < 0.0001; NS, Non significant.



Next, we asked if such an enhancement of particle infectivity would impact the ability of neutralizing agents to block these particles from infecting host cells. Capitalizing on the interaction of the S protein with cellular ACE2, we generated a SARS CoV-2 entry receptor-based synthetic microbody consisting of a soluble ACE2 domain fused with the Fc region of human IgG (Figure 3A), which also carried a C-terminal 6XHistidine tag. Extracellular expression, as well as the ability of ACE2-IgFc to dimerize under the experimental conditions that retained disulphide linkage, were detected by Western blotting (Figure 3B). These experiments also confirmed the presence of an intact Histidine tag. Furthermore, we tested the specific interaction of the ACE2-IgFc with spike-pseudotyped LV particles by a pull-down experiment wherein the on-bead capture of viral particles using protein G-bound ACE2-IgFc resulted in a ~10,000-fold enrichment of spike pseudotyped viruses over VSV-G pseudotyped or non-enveloped (bald) lentiviral particles (Figure 3C). This also suggests that Fc configuration remained intact after fusion with ACE2 thereby facilitating the immobilization of the microbody on the protein G magnetic beads for virion capture. In sum, these results established that the ACE2-IgFc molecule is stably expressed and demonstrates a high affinity specifically towards the spike-laden particles.




Figure 3 | Characterization of the ACE2-IgFc microbody. (A) Schematic of the ACE2-IgFc neutralizing microbody. (B) Effect of a reducing agent (TCEP) on the migration of ACE2-IgFc on the gel. Anti-His antibody indicating monomeric vs dimeric states of the protein visualized by western blotting from the cell culture supernatant. (C) Protein G-bound ACE2-IgFC and the enrichment of virus particles. The RT activity of the input VSV-G or Spike particles was normalized to the non-enveloped particles, set to 100%. n=3 ± SD. **p < 0.01; ****p < 0.0001.



Following this, we wished to ascertain the relative titre of ACE2-IgFc required to effectively restrict the infection of ACE2+ target cells, under the influence of the N protein. Briefly, lentiviral particles pseudotyped with spike (with and without co-transfection with N) or bald particles lacking envelope were generated, normalized to the RT units, incubated with ACE2-IgFc according to the indicated concentrations, and used to transduce ACE2+ HEK293T target cells. Luciferase activity assay, as a quantitative and sensitive indicator of transduction events, revealed the ability of ACE2-IgFc to impair the infectivity of spike pseudoviruses in a dose-dependent manner. Furthermore, results obtained herein demonstrate the requirement for a significantly higher neutralizing titre of ACE2-IgFc microbodies in the case of N-enhanced particles as opposed to those generated solely by the spike glycoprotein in order to elicit similar levels of inhibition (Figure 4A). Additional experiments using D614G mutant also indicated that the N-inclusive particles would require a higher amount of the neutralizing agent in comparison to N-exclusive counterpart (Supplementary Figure 1F). The higher requirement of neutralizing agent was not a result of higher particle counts as the inoculum was normalised to the reverse transcriptase units.




Figure 4 | Neutralizing effects of ACE2-IgFC on the N-enhanced spike lentiviral particles and biochemical characterization of the virions (A) Neutralization assay using ACE2-IgFc pre-treated lentiviral particles with indicated amount of ACE2-IgFC (on the x-axis) for the lentiviral particles produced in the presence of indicated genes. The particles were normalized to the reverse transcriptase units obtained from the SGPERT assay. Luciferase activity obtained from non-enveloped particle transduction was considered as baseline, and the data represented has been normalized to the spike-only condition without the addition of ACE2-IgFc. The lines represent extent of residual infectivity (expressed as x-fold), post-treatment of ACE2-IgFc, with respect to N-exclusive particles n=3 ± SD. (B) RT-PCR analysis of the mRNA fraction from cells transfected with either spike or spike + N protein. Both quantitative RT-PCR and representative semi-quantitative PCR results are shown. n=3 ± SD. (C) Biochemical analysis of the virus particles and the corresponding cell lysates. The viral proteins were visualized by western blotting using antibodies raised against S2 domain of SARS CoV2 spike. (D) Densitometric analysis of the band intensities were obtained by normalizing the S1+S2 and S2 bands to either the respective p24 levels for viral lysate or the Actin levels for cell lysate and calculating the fold change of the normalized intensities of bands in the N-inclusive condition to the spike-only condition. The N protein and p24 were detected using Anti-Strep tag and anti-p24 antibody respectively. Actin served as loading control. n=3, representative blots are shown. NS, Non significant.



To better comprehend these observations, we envisaged a modification of virus particles by N that plausibly impacted the virion quality, rather than the quantity. To better understand this, we asked if N protein directly impacted the spike protein itself in order to effect infectivity enhancement. Accordingly, we first analyzed the effect of N on spike at the mRNA level using both quantitative RT-PCR and semiquantitative gel-based methods and found no significant upregulation of the same (Figure 4B). Next, the viral particles produced under indicated conditions were pelleted on a sucrose cushion as described earlier (Chande et al., 2016). Biochemical analysis of the virus pellet and the corresponding cell lysates by Western blotting revealed that N improved the steady-state levels of spike in the producer cell lysates. The enhancement of spike signal was noticeably more prominent from the virions (Figures 4C, D). The augmentary effects of N appear to be specific in nature, given that exclusively lentiviral components do not show any apparent changes in expression. Altogether, these experiments indicated that N protein likely promoted the incorporation and retainment of spike protein in the virions, thereby improving the particle quality and its infectivity.



Discussion

Considering the technical difficulties associated with studying live, replication-competent native SARS CoV-2, the adoption of lentiviral or retroviral pseudotyping-based systems has enabled a more widespread and accessible investigation of this pathogen. Significant advances have been achieved in recent times, ranging from optimization of pseudotyping protocols to the application of these for screening entry inhibitors (Hu et al., 2020). The roles of structural proteins such as M, E, and N in assisting viral assembly and particle formation have also been explored (Plescia et al., 2020). Along similar lines, leading studies have deciphered the manifold cellular associations and interactions of various SARS CoV-2 genes, in processes as diverse as host translation inhibition, disruption of splicing, immune evasion, and protein trafficking, among others (Banerjee et al., 2020; Schubert et al., 2020; Xia et al., 2020; Flower et al., 2021).

In the present study, we have evaluated the potential of twenty-four SARS CoV-2 genes to elicit superior infectivity levels as compared to what may be achieved by mere pseudotyping with the spike glycoprotein. Chief among these has been the nucleocapsid (N) protein. While a previous study has established the crucial role played by N in viral genome processing and nucleocapsid assembly (Carlson et al., 2020), to the best of our knowledge there have been no prior reports specifically highlighting its ability to elevate lentiviral spike pseudovirus infectivity. It bears mentioning that similar to existent reports (Min et al., 2020; Schubert et al., 2020; Thoms et al., 2020; Lapointe et al., 2021; Zhang et al., 2021), the Nsp1 protein presumably exerts a detrimental effect on the host cell’s protein translation, as indicated by the almost imperceptible extent of infectivity observed in its case (Figure 2A).

Our assessment of pseudoviruses generated from both N-exclusive and N-inclusive backgrounds directly implicates N as a potent enhancer of virion quality and infectivity, an effect which extends over both the wild-type spike protein as well as the D614G mutant. Similar to the proposed infectivity enhancing mechanism for the D614G variant, which relies on reduced S1 shedding and increased spike protein retainment in virions (Zhang et al., 2020), the N-dependent enrichment of spike glycoprotein within viral fractions we demonstrated lends support to this hypothesis. The identification of N in this particular role may be a telling example of how the SARS CoV-2 adopts a host of varied and as-yet incompletely explored strategies to drive its pathogenesis. Future extensions of this work may gain clinically relevant insights by including sera from vaccinated individuals or convalescent plasma from recovered patients to assess the neutralizing potential of these against similarly modified spike pseudoviral systems.

In sum, our results underscore the importance of factoring in additional contributions from the other viral genes while undertaking lentiviral vector pseudotyping with the spike glycoprotein of the SARS CoV-2. While existing studies have managed to develop and validate platforms for the screening of neutralizing antibodies and inhibitory chemical compounds, we believe that our results highlight the necessity of incorporating additional genetic elements which have been shown to boost viral infectivity. Furthermore, putative therapeutic candidates currently being scrutinized in various clinical studies would benefit from lentiviral pseudotyping assays that incorporate additional virion components during the large-scale screening stage.
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Background

From the first detection in 2019, SARS-CoV-2 infections have spread rapidly worldwide and have been proven to cause an urgent and important health problem. SARS-CoV-2 cell entry depends on two proteins present on the surface of host cells, angiotensin-converting enzyme 2 (ACE2) and transmembrane protease serine 2 (TMPRSS2). The nasal cavity is thought to be one of the initial sites of infection and a possible reservoir for dissemination within and between individuals. However, it is not known how the expression of these genes is regulated in the nasal mucosa.



Objective

In this study, we examined whether the expression of ACE2 and TMPRSS2 is affected by innate immune signals in the nasal mucosa. We also investigated how fluticasone propionate (FP), a corticosteroid used as an intranasal steroid spray, affects the gene expression.



Methods

Primary human nasal epithelial cells (HNECs) were collected from the nasal mucosa and incubated with Toll-like receptor (TLR) agonists and/or fluticasone propionate (FP), followed by quantitative PCR, immunofluorescence, and immunoblot analyses.



Results

Among the TLR agonists, the TLR3 agonist Poly(I:C) significantly increased ACE2 and TMPRSS2 mRNA expression in HNECs (ACE2 36.212±11.600-fold change, p<0.0001; TMPRSS2 5.598±2.434-fold change, p=0.031). The ACE2 protein level was also increased with Poly(I:C) stimulation (2.884±0.505-fold change, p=0.003). The Poly(I:C)-induced ACE2 expression was suppressed by co-incubation with FP (0.405±0.312-fold change, p=0.044).



Conclusion

The activation of innate immune signals via TLR3 promotes the expression of genes related to SARS-CoV2 cell entry in the nasal mucosa, although this expression is suppressed in the presence of FP. Further studies are required to evaluate whether FP suppresses SARS-CoV-2 viral cell entry.
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Introduction

Corona virus disease 2019 (COVID-19) has rapidly spread to become the most urgent health issue around the world. Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has been identified as the responsible virus for COVID-19. SARS-CoV-2 can infect multiple organs, including the intestines, esophagus, liver, heart, kidneys, bladder, testes, brain, lung and nasal cavity (Chen et al., 2020; Huang et al., 2020; Zhang et al., 2020; Zou et al., 2020).

Among these organs, the nasal cavity is assumed to be one of the organs most susceptible to SARS-CoV-2 infection (Hou et al., 2020). It has been reported that more than half of COVID-19 patients had nasal symptoms including olfactory dysfunction and nasal obstruction (Paderno et al., 2020; Sakalli et al., 2020). A high SARS-CoV-2 viral load was indeed detected in nasal swabs from COVID-19 patients (Zou et al., 2020). The nasal cavity is also considered to be the initial site of the infection and is thought to act as a possible reservoir for dissemination within and between individuals (Hou et al., 2020; Sungnak et al., 2020). Therefore, it is important to elucidate the mechanism of SARS-CoV-2 infection in the nasal mucosa, not only to evaluate how it affects local inflammation in the nasal cavity but also to understand whether topical therapies might affect infection efficiency and potentially reduce the development of systemic infection and transmission to other individuals.

For its entry into host cells, SARS-CoV-2 depends on angiotensin-converting enzyme 2 (ACE2) and transmembrane protease serine 2 (TMPRSS2) expressed on the surface of the cells (Li et al., 2003; Hoffmann et al., 2020). SARS-CoV-2 attaches to the cell membrane using spike (S) proteins to bind to ACE2 on the host cells. The viral cell entry also requires S protein-priming by TMPRSS2 (Hoffmann et al., 2020). Therefore, the expression of ACE2 and TMPRSS2 is assumed to be associated with host susceptibility to and severity of COVID-19 (Bunyavanich et al., 2020; Devaux et al., 2020; Saheb Sharif-Askari et al., 2020; Sharif-Askari et al., 2020; Wu et al., 2020). Notably, differences in ACE2 and TMPRSS2 expression levels in the lower airway might contribute to COVID-19 severity (Matsumoto and Saito, 2020; Saheb Sharif-Askari et al., 2020). In the nasal epithelium, ACE2 and TMPRSS2 have been shown to be expressed at high levels (Sungnak et al., 2020; Ziegler et al., 2020), and their expression has been related to the susceptibility of the nasal cavity mucosa to SARS-CoV2 infection (Bunyavanich et al., 2020; Sharif-Askari et al., 2020). These proteins have also been targeted as a possible therapeutic strategy for COVID-19 (Hoffmann et al., 2020; Patel and Verma, 2020; Wu et al., 2020).

Recent research has shown that ACE2 expression is induced by interferons (IFNs), suggesting that ACE2 expression could be regulated by the activation of innate immune signals such as Toll-like receptor (TLR) signals (Ziegler et al., 2020). Also, corticosteroids, which are a regulator of innate immunity (Kato et al., 2007; Zhang et al., 2007), might affect ACE2 expression. However, it is not known whether the activation or suppression of innate immune signaling affects ACE2 expression in the nasal mucosa.

In this study, we examined whether TLR agonist activation alters ACE2 and TMPRSS2 expression levels in primary human nasal epithelial cells (HNECs). We also investigated whether fluticasone propionate (FP), a corticosteroid widely used as intranasal steroid spray, affects the expression of SARS-CoV-2 cell entry-related genes.



Materials and Methods


Primary Human Nasal Epithelial Cell Cultures

This study was approved by the Institutional Review Board for Clinical Research of Hokkaido University Hospital, Sapporo, Japan (019–0242) and by The Queen Elizabeth Hospital Human Research Ethics Committee (reference HREC/15/TQEH/132), and was conducted in accordance with the Declaration of Helsinki. Written informed consent was obtained from study participants prior to tissue or cell collection. Primary human nasal epithelial cells (HNECs) were taken from the nasal mucosa of the inferior turbinates of seven patients treated for deviation of the nasal septum as previously described (Cooksley et al., 2015; Suzuki et al., 2018; Ramezanpour et al., 2019). The cells were suspended in Bronchial Epithelial Growth Medium (BEGM, CC-3170, Lonza, Walkersville, MD, USA) supplemented with Amphotericin B (Fujifilm, Osaka, Japan) and Penicillin/Streptomycin (Fujifilm, Osaka, Japan). Monocytes were depleted from the cell suspension using anti-CD68 antibody (Dako, Glostrup, Denmark) -coated cell culture dishes. HNECs were incubated at 37°C in humidified conditions under 5% CO2 in collagen-coated flasks (Thermo Scientific, Waltham, MA, USA) until passage 2.



TLR Stimulation and Agents

HNECs were seeded onto 6-well dishes coated with collagen type I (Kurabo, Osaka, Japan) at 0.6 × 106 cells/well for 24 hours prior to subsequent analysis. The cells were washed with phosphate-buffered saline (PBS), followed by the addition of TLR agonists (Invivogen, San Diego, CA, USA) for 24 hours, unless otherwise described. The following dosages were used: TLR1/2 (Pam3CSK4) 1 µg/ml, TLR2 (HKLM) 108 cells/ml, TLR3 (Poly(I:C)) 10 µg/ml, TLR4 (LPS) 10 µg/ml, TLR5 (Flagellin) 10 µg/ml, TLR6/2 (FSL-1) 1 µg/ml, TLR7 (Imiquimod) 10 µg/ml, TLR8 (ssRNA40) 10 µg/ml, and TLR9 (ODN2006) 5 µM. In some experiments, fluticasone propionate (FP; Cayman Chemical Company, Ann Arbor, MI, USA) and JSH-23 (NFκB transcriptional activity inhibitor; Abcam, Cambridge, MA, USA), was added to the cells, 1 hour prior to TLR stimulation. The following dosages were used: FP 10 nM and JSH-23 30 µM, unless otherwise described. FP and JSH-23 were dissolved in dimethyl sulfoxide (DMSO). In experiments where FP or JSH-23 was used, corresponding DMSO control solutions were also used in parallel as controls.



RNA Extraction, Reverse Transcription, and qPCR

HNECs were incubated in 6-well dishes in BEGM media. After incubation with the TLR agonists, FP and/or JSH-23, HNECs were collected and washed with PBS, followed by RNA extraction using ISOGEN in accordance with the manufacturer’s instructions (Nippon Gene, Tokyo, Japan). Extracted RNA was quantified using a Nanodrop 1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). RNA was reverse transcribed into cDNA using a ReverTra Ace qPCR RT Kit (TOYOBO, Osaka, Japan) with a LifeECO Thermal Cycler (Hangzhou Bioer Technology, Hangzhou, China). The resulting cDNA was subjected to qPCR using a StepOne Realtime PCR System (Applied Biosytems, Foster City, CA, USA) with Power SYBR Green PCR Master Mix (Thermo Fisher Scientific, Waltham, MA, USA) and nuclease-free water (Thermo Fisher Scientific, Waltham, MA, USA). The average threshold cycle (Ct) was determined from three or more independent experiments and the level of gene expression relative to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was determined using the comparative CT method. The following primers were used for the qPCR: GAPDH forward (Fw) 5’-TGCACCACCAACTGCTTAGC-3’, GAPDH reverse (Rev) 5’-GGCATGGACTGTGGTCATGAG-3’, ACE2 (Fw) 5’-CTCTACAGAAGCTGGACAGAAAC-3’, ACE2 (Rev) 5’-GAGCAGTGGCCTTACATTCA-3’, TMPRSS2 (Fw) 5’-GGAGTGTACGGGAATGTGATG-3’, TMPRSS2 (Rev) 5’-GGACGAAGACCATGTGGATTAG-3’, TNF-α (Fw) 5’-GAGGCCAAGCCCTGGTATG-3’, TNF-α (Rev) 5’-CGGGCCGATTGATCTCAGC-3’, IL-6 (Fw) 5’-ATGTAGCCGCCCCACACAGA-3’, IL-6 (Rev) 5’-ATTTGCCGAAGAGCCCCTCAG-3’, IFN-β (Fw) 5’-AGGACAGGATGAACTTTGAC-3’, IFN-β (Rev) 5’-TGATAGACATTAGCCAGGAG-3’, CXCL10 (Fw) 5’-GCTCTACTGAGGTGCTATGTTC-3’, CXCL10 (Rev) 5’-GGAGGATGGCAGTGGAAGTC-3’, IFN-γ (Fw) 5’-TCGGTAACTGACTTGAATGTCCA-3’, and IFN-γ (Rev) 5’-TCGCTTCCCTGTTTTAGCTGC-3’.



Immunoblotting

HNECs were incubated with 10 µg/ml of Poly(I:C), 10 nM of FP for 28 hours. The cells were lysed in glycoprotein denaturing buffer containing sodium dodecyl sulfate (0.5% (w/v)) and 40 mM dithiothreitol. The cell lysates were then boiled and sonicated in glycoprotein denaturing buffer. PNGase F (New England Biolabs, Ipswich, MA, USA) was used to remove oligosaccharides from the glycoproteins following the manufacturer’s protocol. After removing oligosaccharides, SDS sample buffer containing 50 mM Tris-HCl (pH 6.8), 2-mercaptoethanol (6% (v/v)), sodium dodecyl sulfate (2% (w/v)), glycerol (10% (v/v)) and bromophenol blue (0.01% (w/v)) was added to the supernatant. Immunoblot analysis was performed with the antibodies indicated below. Immune complexes were detected with horseradish peroxidase-conjugated antibodies to rabbit (1:10000 dilution, Promega, Madison, WI, USA) and an enhanced chemiluminescence system (Thermo Fisher Scientific, Waltham, MA, USA). The acquired bands were quantified using ImageJ 1.50i (National Institutes of Health, Bethesda, MD, USA) and expressed as the ratio relative to GAPDH. The antibodies used in immunoblotting were as follows: rabbit monoclonal anti-ACE2 (1:1000; SN0754, Thermo Fisher Scientific, Waltham, MA, USA), rabbit monoclonal anti-TMPRSS2 (1:1000; ab92323, Abcam, Cambridge, United Kingdom), and monoclonal anti-GAPDH HRP-DirecT (1:5000; M171-7, MBL, Nagoya, Japan).



Immunofluorescence

HNECs were incubated for 48 hours with or without 10 µg/ml Poly(I:C) and 10 nM fluticasone propionate (FP). HNECs were fixed with 2.5% formalin in PBS for 10 minutes at room temperature (RT) followed by washing twice with PBS. Fixed samples were blocked for 1 hour with Protein Block (SFB; Dako, Glostrup, Denmark). Rabbit anti-ACE2 polyclonal antibody (1:100, Invitrogen, Carlsbad, CA, USA) and rabbit anti-TMPRSS2 antibody (1:100, Abcam, Cambridge, MA, USA) were added overnight at 4°C. Excess primary antibody was removed, and 2 μg/ml anti-mouse Alexa-Fluor 488 conjugated secondary antibody (Jackson ImmunoResearch Labs Inc., West Grove, PA, USA) was added and incubated for 1 hour at RT. The samples were rinsed in TBST, and after the third wash, 200 ng/ml of 4′, 6-diamidino-2-phenylindole (DAPI; Sigma, Aldrich, USA) was added to resolve nuclei. Samples were visualized using a LSM700 confocal laser scanning microscope (Zeiss Microscopy, Oberkochen, Germany). Processing was performed using ZEN Imaging Software (Carl Zeiss AG, Oberkochen, Germany). The threshold of each image was adjusted for each channel to remove background fluorescence and evaluation was performed in a blinded fashion. ACE2 and TMPRSS2 fluorescence intensities were quantified and normalized to the DAPI intensity. Results are expressed as the relative value of mean arbitrary fluorescence units as provided by the ZEN imaging software.



Statistical Analysis

All data was expressed as mean ± standard deviation (SD). Shapiro-Wilk test and Kolmogrov test were applied to examine whether the data fitted normal and lognormal distributions, respectively. In cases where the data fitted the lognormal distribution, log transformation was performed before statistical analysis. Fold changes in relative gene expression were compared by a two-tailed t-test. When 3 or more groups were compared, one-way Analysis of Variance (ANOVA) followed by Dunnetts’s test was used to analyze differences among the groups. P values of <0.05 were considered statistically significant. All analyses were performed using JMP® 11 software (SAS Institute Inc., Cary, NC, USA).




Results


Poly(I:C) Increases ACE2 and TMPRSS2 mRNA Expression Levels

To determine whether TLR stimulation affects ACE2 and TMPRSS2 expression in HNECs, we examined mRNA expression in HNECs after stimulation with several TLR agonists for 24 hours. ACE2 mRNA expression was significantly increased upon TLR3-stimulation with Poly(I:C) (a 36.212±11.600-fold change, p<0.0001, Figure 1A). TMPRSS2 mRNA expression was also significantly increased upon TLR3-stimulation with Poly(I:C) (a 5.598±2.434-fold change, p=0.003, Figure 1B). These findings indicate that TLR3 stimulation with Poly(I:C) increases the expression levels of ACE2 and TMPRSS2.




Figure 1 | Poly(I:C) increases ACE2 mRNA as well as TMPRSS2 expression. Relative mRNA expression of ACE2 (A) and TMPRSS2 (B) after stimulation with TLR agonists for 24 hours. The following TLR agonists were used: Pam3CSK4 for TLR1/2, HKLM for TLR2, Poly(I:C) for TLR3, LPS for TLR4, Flagellin for TLR5, FSL-1 for TLR6/2, Imiquimod for TLR7, ssRNA40 for TLR8, and ODN2006 for TLR9. Relative mRNA expression was determined by normalization against untreated control cells and GAPDH. Data are means ± standard deviation (s.d.) of values from three independent experiments. **p < 0.01 ***p < 0.001.





Poly(I:C) Upregulates Expression of NFκB Target Genes and an IFN-Stimulated Gene

We also examined the mRNA expression of TNF-α and IL-6 (NFκB target genes), as well as IFN-β, IFN-γ, and CXCL10 (an IFN-stimulated gene) in HNECs (Supplementary Figure 1). Poly(I:C) significantly promoted TNF-α (a 101.65±26.85-fold change, p<.0001) and IL-6 (a 215.85±34.82-fold change, p<.0001, Supplementary Figures 1A, B). Other than Poly(I:C), Pam3CSK4 (TLR1/2 agonist) significantly upregulated TNF-α (a 5.97±0.70-fold change, p=0.0046) and IL-6 (a 4.43±0.83-fold change, p=0.0233). FSL-1 (TLR6/2 agonist) also significantly upregulated TNF-α (a 7.68±2.56-fold change, p=0.002) and IL-6 (a 5.35±1.80-fold change, p=0.0132). Flagellin (a TLR5 agonist) and ODN2006 (a TLR9 agonist) significantly increased TNF-α (Flagellin; a 7.048±3.18-fold change, p=0.0051, ODN2006; a 5.15±1.92-fold change, p=0.0180).

As for the genes related to the IFN signaling pathway, Poly(I:C) also significantly upregulated the expression of IFN-β (a 14.19±4.37-fold change, p=0.0065) and CXCL10 (a 7496.34±1862.24-fold change, p<.0001). On the contrary, neither Pam3CSK4 nor FSL1 increased IFN-β or CXCL10 (Supplementary Figures 1C, D). IFN-γ was not upregulated by any TLR agonist (Supplementary Figure 1E). These results suggested that TLR3 stimulation with Poly(I:C) activates both the NFκB and IFN signaling pathways in HNECs.



Poly(I:C) Induces ACE2 and TMPRSS2 mRNA Expression in a Time-Dependent Manner

We determined the time course of ACE2 mRNA expression after Poly(I:C) stimulation. A significant increase in ACE2 mRNA expression was found at 4, 8, 12, 16, 20 and 24 hours after stimulation with Poly(I:C) (Figure 2A). Similarly, a significant increase in TMPRSS2 mRNA expression was found at 4, 8, 12, 16, and 20 hours after stimulation with Poly(I:C) (Figure 2B).




Figure 2 | Time course of ACE2 and TMPRSS2 mRNA expression after Poly(I:C) stimulation with and without fluticasone propionate. HNECs were incubated for the indicated times with or without 10 µg/ml Poly(I:C) and 10 nM fluticasone propionate (FP), followed by qPCR using primer sets for ACE2 (A) and TMPRSS2 (B). Data are means ± standard deviation (s.d.) of values from five independent experiments. P values for the indicated comparisons were determined by t-test with (ACE2) and without log transformation (TMPRSS2). *p < 0.05, **p < 0.01, ***p < 0.001 (for comparison between untreated cells and cells treated with Poly(I:C)), and #p < 0.05 (for comparison between cells treated with and without FP at the indicated times, respectively).



We also examined ACE2 and TMPRSS2 mRNA expression in HNECs incubated with different concentrations of Poly(I:C). A significant increase in ACE2 mRNA expression was found after stimulation with 0.1, 1 and 10 µg/ml Poly(I:C) in a dose-dependency manner (Supplementary Figure 2A). On the other hand, a significant increase in TMPRSS2 mRNA expression was only observed after stimulation with 10 µg/ml Poly(I:C) (Supplementary Figure 2B).



The Poly(I:C)-Induced Increase in ACE2 mRNA Expression Is Significantly Suppressed by FP

We investigated how FP affects ACE2 and TMPRSS2 expression in HNECs. A tendency for ACE2 expression to be suppressed by FP was seen at the indicated time points, and significant suppression of Poly(I:C)-induced ACE2 expression was observed at 16, 20, and 24 hours (Figure 2A). To the contrary, no suppression of TMPRSS2 mRNA expression by FP was observed at the indicated time points (Figure 2B).

We also examined the inhibitive effect on the Poly(I:C)-induced increases in ACE2 and TMPRSS2 mRNA expression of different concentrations of FP. Significant suppression of the Poly(I:C)-induced increases in ACE2 expression was observed for 1 and 10 nM FP (Supplementary Figure 3A). To the contrary, no suppression of TMPRSS2 mRNA expression was observed for any concentration of FP (Supplementary Figure 3B).

We also examined how FP affects the mRNA expression of genes related to the NFκB and IFN signaling pathways in HNECs. FP significantly suppressed the Poly(I:C)-induced increases in TNF-α and IL-6 expression as well as that of ACE2, while FP did not alter the Poly(I:C)-induced increases in IFN-β or CXCL10 expression (Supplementary Figure 4). Further, JSH-23, a NFκB transcriptional activity inhibitor, significantly suppressed the Poly(I:C)-induced increases in ACE2 (Supplementary Figure 5A) as well as those of the other NFκB target genes, TNF-α and IL-6, in HNECs (Supplementary Figures 5B, C), while JSH-23 did not alter the Poly(I:C)-induced increases in the expression of TMPRSS2 or the IFN-stimulated genes, IFN-β or CXCL10 (Supplementary Figures 5D–F). These results suggested that the Poly(I:C)-induced increases in ACE2 mRNA expression is induced via the NFκB signaling pathway, but not the IFN signaling pathway.



Poly(I:C) and FP Significantly Affect ACE2, but Not TMPRSS2, Expression at the Protein Level

Last, we examined whether Poly(I:C) and FP alter ACE2 and TMPRSS2 protein expression. Immunoblot analysis showed that Poly(I:C) significantly increased ACE2 protein expression (a 1.377±0.069-fold change vs. untreated cells, p=0.002). The Poly(I:C)-induced increase in ACE2 protein expression was significantly suppressed by FP (a 0.770±0.017-fold change vs. Poly(I:C)-treated cells, p<0.001, Figures 3A, B). On the other hand, there was no significant induction of TMPRSS2 protein expression by Poly(I:C) (a 1.083±0.0394-fold change vs. untreated cells, p=0.213) or subsequent suppression by FP (a 0.946±0.0340-fold change vs. Poly(I:C)-treated cells, p=0.208, Figures 3A, C).




Figure 3 | Immunoblotting for ACE2 and TMPRSS2 proteins in HNECs treated with Poly(I:C) and/or fluticasone propionate. HNECs were incubated for 28 hours with or without 10 µg/ml Poly(I:C) and 10 nM fluticasone propionate (FP). After removing oligosaccharides by PNGase F, the cell lysates were subjected to immunoblotting for ACE2 (A, B), TMPRSS2 (A, C) and GAPDH. The obtained bands were quantified and calculated as relative ratios to GAPDH, using ImageJ 1.50i (National Institutes of Health, Bethesda, MD, USA). Data are means ± standard deviation (s.d.) of values from four independent experiments. P values for indicated comparisons were determined by t-test. **p < 0.01, ***p < 0.001.



We further examined ACE2 and TMPRSS2 protein expression using immunofluorescent analysis (Figure 4). The ACE2 intensity in HNECs was significantly promoted by Poly(I:C) (a 2.884±0.505-fold change vs. untreated cells, p=0.003). This Poly(I:C)-induced change was significantly suppressed by FP (a 0.405±0.312-fold change vs. Poly(I:C)-treated cells, p=0.044, Figures 4A, B). The TMPRSS2 intensity was also altered by Poly(I:C) and FP, but the changes were not statistically significant (a 2.423±2.937-fold change vs. untreated cells p=0.449 and a 0.795±0.472-fold change vs. Poly(I:C)-treated cells, p=0.611, Figures 4C, D).




Figure 4 | Immunofluorescent analysis for ACE2 and TMPRSS2 in HNECs treated with Poly(I:C) with and without fluticasone propionate. HNECs were incubated for 48 hours with or without 10 µg/ml Poly(I:C) and 10 nM fluticasone propionate (FP), followed by immunofluorescent analysis for ACE2 (A, B) and TMPRSS2 (C, D). The average fluorescence intensity was standardized compared to the DAPI intensity and represented as the relative value to those of untreated cells. Data are means ± standard deviation (s.d.) of values from three independent experiments. P values for indicated comparisons were determined by t-test. *p < 0.05. The white bar is 50 µm and 20× magnification.






Discussion

In this study, we demonstrated that innate immune signaling activation, in particular TLR3 activation, significantly promotes ACE2 expression in nasal epithelial cells. FP, a routinely used intranasal corticosteroid, suppressed the Poly(I:C)-induced increase in ACE2 expression but did not affect TMPRSS2 expression.

Understanding the regulation of SARS-CoV2 cell entry-related gene expression is important as it can directly lead to the study and development of preventive and therapeutic strategies against COVID-19 (Wu et al., 2020). To date, the focus has been mainly on ACE2 expression in the lower airway, rather than in the upper airway. In the lower airway, Poly(I:C), IFN-α, β, and γ, TNF-α, IL-6, and IL-1α and β were reported to activate the promoter of ACE2 (Zhuang et al., 2020; Ziegler et al., 2020). Also, viral infection and smoking promote ACE2 expression (Kimura et al., 2020; Sharif-Askari et al., 2020; Zhuang et al., 2020). Conversely, type 2 inflammatory cytokines have been shown to suppress ACE2 expression (Jackson et al., 2020; Kimura et al., 2020). Notably, this is thought to potentially contribute to a decreased risk of COVID-19 in patients with asthma (Matsumoto and Saito, 2020).

On the other hand, little is known about ACE2 expression in the upper airway. Significant differences in the innate immune response have been reported between nasal and bronchial epithelial cells (Cooksley et al., 2015). Hence, findings specific to the lower airway cannot automatically be generalized to apply to the upper airway immune response without further detailed studies. To date, only IFN-γ and type 2 inflammatory cytokines have been reported to affect ACE2 expression in the upper airway (Kimura et al., 2020; Ziegler et al., 2020). As for TMPRSS2 expression, current knowledge is limited for both the upper and lower airway, with only the androgen receptor reported to upregulate TMPRSS2 expression, although this finding has not been confirmed in the airway (Lin et al., 1999; Lucas et al., 2014). Whether TMPRSS2 expression is regulated by the activated innate immune signals in the nasal mucosa has not yet been elucidated.

In this study, we found that ACE2 expression in HNECs was significantly increased by stimulation with Poly(I:C), as many other genes in HNECs were found to do in previous reports, including IL-6 (Cooksley et al., 2015), MMP9, MMP1, MMP10, TIMP-1 (Suzuki et al., 2018), TSLP (Golebski et al., 2016), TNF-α and IL-8 (Ohkuni et al., 2011). Poly(I:C) is a double-stranded RNA (dsRNA) often used as a model for viral infection, as most viruses induce the synthesis of dsRNA during their replication cycle (Jacobs and Langland, 1996). This finding might afford an important insight into the prevention and treatment of acute rhinosinusitis by viral infection, not only in terms of relieving its nasal symptoms but also in preventing secondary SARS-CoV-2 infection. Further research is required to evaluate the potential role of increased ACE2 expression in enhancing SARS-CoV-2 infection.

Another highlight of this study was the suppressive effect of FP on Poly(I:C)-induced increases in ACE2 expression in nasal epithelial cells. From a clinical view point, controversy remains surrounding the use of corticosteroids for COVID-19 (Russell et al., 2020; Shang et al., 2020). Although clinical evidence does not support systemic corticosteroid treatment for COVID-19 (Russell et al., 2020), ciclesonide, a widely-used inhalant corticosteroid, could be beneficial against COVID-19 in preventing SARS-CoV-2 replication (Matsuyama et al., 2020). As for intra-nasal corticosteroids, The European Academy of Allergy and Clinical Immunology (EAACI) has stated that intra-nasal corticosteroids can be continued for cases of allergic rhinitis and that halting their use is not advised as no immunosuppression has been shown after intranasal corticosteroid use and the increase in sneezing after halting their application may lead to a greater spread of SARS-CoV-2 (Bousquet et al., 2020). However, intranasal corticosteroids might impair anti-viral immune responses and increase viral titers, as they do for rhinovirus (Singanayagam et al., 2015). Further studies are needed to clarify the clinical significance of intranasal steroid spray for COVID-19.

Interestingly, we found different responses to FP in the NFκB and IFN signaling pathways. While FP suppressed the NFκB target genes, FP did not suppress IFN-β itself or IFN-stimulated genes in HNECs. Glucocorticoids including FP induced gene transcription and protein synthesis of the NFκB inhibitor, IκB. Activated glucocorticoid cytosolic receptors also antagonized NFκB activity through protein–protein interaction involving direct complexing with, and inhibition of, NFκB binding to DNA (Almawi and Melemedjian, 2002). On the other hand, it is reported that the response to the IFN signaling pathway by glucocorticoids varies depending on cell type (Flammer et al., 2010). In HNECs, the Poly(I:C)-induced increase in ACE2 was also suppressed by FP, suggesting that ACE2 is significantly regulated via the NFκB signaling pathway, as well (Hou et al., 2020). To the contrary, the Poly(I:C)-induced increase in TMPRSS2 was not suppressed by FP, implying that the NFκB signaling pathway plays a limited role in the regulation of TMPRSS2 expression (Figure 5). Furthermore, we found that a NFκB inhibitor significantly suppressed the Poly(I:C)-induced increase in ACE2 expression, suggesting this increase is regulated via the NFκB signaling pathway in nasal epithelial cells.




Figure 5 | Poly(I:C) significantly increased ACE2 and TMPRSS2 possibly via the IFN and NFκB signaling pathways in HNECs. Poly(I:C) activates both the IFN and NFκB signaling pathways by binding to TLR3, resulting in the induction of ACE2 and TMPRSS2. IFN-β upregulates ACE2 expression; however, ACE2 as well as the target genes of the NFκB signaling pathway such as TNF-α and IL-6 is suppressed by fluticasone propionate, while TMPRSS2 and an interferon-stimulated gene are not. This suggested that ACE2 in HNECs is regulated not only via the IFN signaling pathway but also via the NFκB signaling pathway.



As a limitation, although we demonstrated that activated innate immune signals promoted the expression of SARS-CoV2 cell entry-related genes on which SARS-CoV-2 cell entry is dependent the association between the upregulated expression of the genes and host susceptibility to SARS-CoV-2 remains to be investigated. Also, it is unknown whether the suppression of ACE2 expression by FP can indeed prevent SARS-CoV-2 infection. Although further biological and epidemiological studies are necessary, it can be concluded that the regulation of inflammation in the nasal cavity is increasingly important and should be of greater focus in the COVID-19 era than ever before.



Conclusion

The activation of innate immune signals via TLR3 promotes the expression of SARS-CoV2 cell entry-related genes in the nasal mucosa, which is suppressed in the presence of the intranasal corticosteroid FP. Further studies are required to evaluate whether FP suppresses SARS-CoV-2 viral cell entry.
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Supplementary Figure 1 | Poly(I:C) significantly increases the expression of NFκB target genes and genes related to the IFN signaling pathway in HNECs. Relative mRNA expression of TNF-α (A), IL-6 (B), IFN-β (C), CXCL10 (D), and IFN-γ (E) after stimulation with TLR agonists for 24 hours. The following TLR agonists were used: Pam3CSK4 for TLR1/2, HKLM for TLR2, Poly(I:C) for TLR3, LPS for TLR4, Flagellin for TLR5, FSL-1 for TLR6/2, Imiquimod for TLR7, ssRNA40 for TLR8, and ODN2006 for TLR9. Relative mRNA expression was determined by normalization against untreated control cells and GAPDH. Data are means ± standard deviation (s.d.) of values from five independent experiments. *p<0.05 **p<0.01 ***p<0.001.

Supplementary Figure 2 | ACE2 and TMPRSS2 mRNA expression in HNECs incubated with different concentrations of Poly(I:C). Relative mRNA expression of ACE2 (A) and TMPRSS2 (B) after stimulation with 0.1, 1 and 10 µg/ml Poly(I:C) for 20 hours. Relative mRNA expression was determined by normalization against untreated control cells and GAPDH. Data are means ± standard deviation (s.d.) of values from five independent experiments. *p<0.05 ***p<0.001.

Supplementary Figure 3 | ACE2 and TMPRSS2 mRNA expression in HNECs incubated with different concentrations of fluticasone propionate. HNECs were incubated for 20 hours with 10 µg/ml Poly(I:C) and/or 0.1, 1 and 10 nM fluticasone propionate (FP), followed by qPCR using primer sets for ACE2 (A) and TMPRSS2 (B). Relative mRNA expression was determined by normalization against untreated control cells and GAPDH. Data are means ± standard deviation (s.d.) of values from four independent experiments. *p<0.05.

Supplementary Figure 4 | Fluticasone propionate significantly suppressed the Poly(I:C)-induced increase in the expression of NFκB target genes but not genes related to the IFN signaling pathway. HNECs were incubated for 8 hours with 10 µg/ml Poly(I:C) and/or 10 nM fluticasone propionate (FP), followed by qPCR using primer sets for TNF-α (A), IL-6 (B), IFN-β (C) and CXCL10 (D). Data are means ± standard deviation (s.d.) of values from three or four independent experiments. P values for indicated comparisons were determined by t-test with log transformation. *p<0.05, **p<0.01, ***p<0.001.

Supplementary Figure 5 | A NFκB inhibitor significantly suppressed ACE2 expression in HNECs. Relative mRNA expression of ACE2 (A), TNF-α (B), IL-6 (C), TMPRSS2 (D), IFN-β (E) and CXCL10 (F) in HNECs incubated with 10 µg/ml Poly(I:C) and 30 µM JSH-23 (NFκB transcriptional activity inhibitor) for 20 hours (for ACE2 and TMPRSS2) and for 8 hours (for TNF-α, IL-6, IFN-β, and CXCL10), respectively. Relative mRNA expression was determined by normalization against untreated control cells and GAPDH. Data are means ± standard deviation (s.d.) of values from four independent experiments. *p<0.05 **p<0.01 ***p<0.001.
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The ability to sense and adequately respond to variable environmental conditions is central for cellular and organismal homeostasis. Eukaryotic cells are equipped with highly conserved stress-response mechanisms that support cellular function when homeostasis is compromised, promoting survival. Two such mechanisms – the unfolded protein response (UPR) and autophagy – are involved in the cellular response to perturbations in the endoplasmic reticulum, in calcium homeostasis, in cellular energy or redox status. Each of them operates through conserved signaling pathways to promote cellular adaptations that include re-programming transcription of genes and translation of new proteins and degradation of cellular components. In addition to their specific functions, it is becoming increasingly clear that these pathways intersect in many ways in different contexts of cellular stress. Viral infections are a major cause of cellular stress as many cellular functions are coopted to support viral replication. Both UPR and autophagy are induced upon infection with many different viruses with varying outcomes – in some instances controlling infection while in others supporting viral replication and infection. The role of UPR and autophagy in response to coronavirus infection has been a matter of debate in the last decade. It has been suggested that CoV exploit components of autophagy machinery and UPR to generate double-membrane vesicles where it establishes its replicative niche and to control the balance between cell death and survival during infection. Even though the molecular mechanisms are not fully elucidated, it is clear that UPR and autophagy are intimately associated during CoV infections. The current SARS-CoV-2 pandemic has brought renewed interest to this topic as several drugs known to modulate autophagy – including chloroquine, niclosamide, valinomycin, and spermine – were proposed as therapeutic options. Their efficacy is still debatable, highlighting the need to better understand the molecular interactions between CoV, UPR and autophagy.
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Introduction

From single to multicellular, every living organism is frequently exposed to variable environmental conditions – including extremes of temperature, nutrient deprivation, irradiation, hypoxia, infections, and others – that can result in cell damage and/or dysfunction (Galluzzi et al., 2018). Eukaryotic cells have evolved mechanisms to cope with the stress generated by these conditions and support cellular functions, thereby maintaining microenvironmental and organismal homeostasis (Galluzzi et al., 2018). Such mechanisms include the DNA damage response (Jackson and Bartek, 2009), mitochondrial stress signaling (Chang et al., 2017), autophagy (Galluzzi et al., 2017) and the unfolded protein response (UPR), which is a component of the integrated stress response (Galluzzi et al., 2018) (ISR). The ISR is an evolutionarily conserved intracellular signaling network that can be initiated by several types of stress and converges to a common signaling hub – the phosphorylation of the α-subunit of the eukaryotic translation initiation factor 2, eIF2α (Costa-Mattioli and Walter, 2020). A family of four eIF2α-kinases is capable of sensing alterations in cellular homeostasis and respond by phosphorylating eIF2α: (i) double-stranded RNA (dsRNA)-dependent protein kinase (PKR) that is activated mainly by dsRNA during viral infection but also by oxidative and endoplasmic reticulum (ER) stress, growth factor deprivation, cytokines, bacterial infections, and ribotoxic stress (García et al., 2006); (ii) PKR-like ER protein kinase (PERK), which senses ER stress and also perturbations in calcium homeostasis, cellular energy or redox status (McQuiston and Diehl, 2017); (iii) heme-regulated eIF2α kinase (HRI), a sensor for low levels of intracellular heme as well as the formation of cytosolic protein aggregates, arsenite-induced oxidative stress, heat shock, nitric oxide, 26S proteasome inhibition, and osmotic stress (Girardin et al., 2020); and (iv) general control non-derepressible 2 (GCN2) that is activated in response to amino acid deprivation when it binds to deacylated transfer RNAs (tRNAs) via histidyl-tRNA synthetase-related domain (Battu et al., 2017). Not only do each of these pathways initiate crucial re-programming of the cell by modulating transcription of key genes and translation of new proteins, they also intersect with other stress-response pathways to restore homeostasis. Although ISR is primarily a homeostatic-preserving program by which cells adapt to survive, severe or long-lasting stress can induce cell death signaling by regulating autophagy or apoptosis.

The UPR is the cellular response to disturbances in the ER that ensues when its folding capacity is exceeded and unfolded proteins accumulate (Hetz, 2012). The ER is the primary site for the synthesis and folding of secreted and transmembrane proteins in eukaryotic cells. A myriad of environmental conditions (including nutrient deprivation, hypoxia, and loss of calcium homeostasis) can significantly alter the amount of proteins entering the ER, leading to UPR activation by one or more of three conserved ER-stress sensors: PERK, X-box-binding protein 1 (XBP-1) and activating transcriptional factor-6 (ATF-6) (Siqueira et al., 2018). These sensors display ER luminal domains capable of sensing modifications in the ER environment and cytosolic domains that trigger signaling pathways, resulting in reduced protein synthesis and increased ER folding capacity to ultimately preserve ER functions and cell viability. In addition, proteins that fail to correctly fold can be deployed to the ER distal secretory pathway, the ER-associated protein degradation (ERAD) pathway of the UPR (Hwang and Qi, 2018). In this case, misfolded proteins are retro-translocated from the ER back to the cytosol for degradation. Finally, in case of persistent stress, the UPR can initiate cell death programs.

Autophagy is another highly conserved process in which eukaryotic cells rely on to maintain cell homeostasis – in this case, by degrading and recycling cytoplasmic components, such as defective organelles or protein aggregates (Mizushima et al., 2008; Klionsky et al., 2014; Siqueira et al., 2018). The autophagosomes display a characteristic double-membrane structure that sequesters cytosolic targets, known as cargos, for degradation. Autophagy is carried out by at least 30 conserved ATG proteins divided into macromolecular complexes. Other hundreds of proteins have been shown to modulate this process in different contexts, including the master homeostatic regulator mechanistic target of rapamycin (mTOR). The formation of autophagosomes is divided into three successive stages: (i) initiation, which involves the ULK1-ATG13-FIP200 complex; (ii) membrane nucleation, that is dependent on the Beclin1(BECN1)-ATG14-PI3K complex, and (iii) membrane elongation that requires ATG8/LC3 lipidation. LC3 lipidation is a hallmark of autophagy and is established by a covalent linkage of cytosolic LC3 to the lipid phosphatidylethanolamine on the surface of the autophagosome, which enables autophagosome elongation and recruitment of autophagy targets (Reggiori and Klionsky, 2005; Carneiro and Travassos, 2013). The entire process, which has been named autophagic flux, is completed when autophagosomes fuse with lysosomes and the cargo is degraded in autophagolysosomes.

There are many parallels between ISR/UPR and mTOR/autophagy pathways, as they are both highly conserved signaling modules that regulate essential metabolic circuits, both in homeostatic and stress conditions. Also, the ER and autophagosomes are intrinsically linked since the former seems to be an essential source of lipids for the formation of the latter, and also provides a site for ATG14 anchoring, which plays a crucial role in recruiting the BECN1-ATG14-PI3K complex from the cytosol to sites of autophagosome initiation in response to starvation (Diao et al., 2015; Tan et al., 2016). Besides, localized phosphorylation of lipids by PI3K generates ER domains called omegasomes enriched in phosphatidylinositol-3-phosphate (Ptdlns3P) that recruit Ptdlns3P-effector proteins to generate sites for autophagosome nucleation and expansion (Mercer et al., 2018). In the context of ER stress, autophagy can be accessory by participating in the degradation of protein aggregates through ERAD (II), which is an alternative to the classic ubiquitin-proteasome ERAD, designated ERAD (I), that clears most soluble misfolded proteins (Rashid et al., 2015).

Both UPR and autophagy are often observed during viral infections, in some cases as a host cell defense mechanism limiting viral replication and, in others, contributing to viral replication and establishment of infection (Blázquez et al., 2014; Chan, 2014; Xiao and Cai, 2020). Viral infections are a major cause of cellular stress as viruses are able to manipulate several cellular processes to complete their replicative cycle (Ríos-Ocampo et al., 2018). In particular, the ability to divert the cell protein translation machinery to produce massive amounts of viral proteins profoundly impacts ER physiology (Gale et al., 2000). Furthermore, plus-stranded RNA viruses can pose an additional challenge for ER homeostasis as they synthesize their genome in association with extensive virus-induced rearrangements of intracellular membranes - including ER, endosomes or mitochondria (Romero-Brey and Bartenschlager, 2014). Included in this group are many viruses that cause disease in animals and humans, such as flaviviruses (for example, Dengue virus, Zika virus, Yellow fever virus, and West Nile virus), alphaviruses (for example, Chikungunya virus and Mayaro virus), and coronaviruses (for example, SARS-CoV, MERS-CoV, and SARS-CoV-2) (Jheng et al., 2014; Lee et al., 2018; Mehrbod et al., 2019). In the following sections of this review, we will discuss how UPR signaling and autophagy intersect in homeostatic conditions and in circumstances of mild and severe cell stress. In the final sections, we will take this discussion to the context of coronaviruses infections and highlight how these stress response pathways interfere with their replicative cycle.



UPR and Autophagy in Homeostatic and Stress Conditions

Initially, PERK, IRE1, and ATF6 were considered to be active only when protein misfolding was detected in the cell. However, the identification of novel binding partners for these proteins suggest they participate in protein complexes that are important for regulating mitochondrial bioenergetics, cytoskeleton dynamics and membrane contacts (Hetz and Papa, 2018). For example, both PERK and IRE1 are present in mitochondria-associated membranes (MAMs) and the latter mediates the transfer of Ca2+ from the ER to mitochondria, thus regulating mitochondrial bioenergetics and physiology (MAMs) (Vliet et al., 2017; Urra et al., 2018; Carreras-Sureda et al., 2019). The absence of IRE1 in MAMs led to AMP-activated protein kinase (AMPK) phosphorylation and activation of autophagy, as determined by increased basal levels of LC3B, a key component of the autophagosomal membrane (Carreras-Sureda et al., 2019). PERK and IRE1 also directly interact with components of the actin cytoskeleton. PERK regulates intracellular Ca2+ fluxes by forming dimers upon detection of increased cytosolic Ca2+ levels and then interacting with filamin A to reorganize the cytoskeleton and contact sites between the ER and the plasma membrane (Vliet et al., 2017). Likewise, the dimerization of IRE1 promotes its interaction with filamin A and controls cell migration (Urra et al., 2018). Together, these recent studies show that, in addition to their role in UPR, dimerization of PERK and IRE1 also participate in cell homeostatic pathways unrelated to ER stress.

In conditions where misfolded proteins accumulate in the ER lumen, chaperone binding immunoglobulin protein (BiP/GRP78) is recruited and thus detached from the luminal domains of the three ER sensors to which it was bound, releasing PERK and IRE1 from their inactive monomeric states and allowing ATF6 to transit to the Golgi (Smith and Wilkinson, 2017) (Figure 1). Activation of the UPR triggers two distinct events to mitigate protein misfolding: a quick reaction that involves phosphorylation of targets to immediately reduce protein synthesis and increase protein degradation; and a more durable response consisting of transcriptional upregulation of hundreds of target genes to restore proteostasis (Hetz and Papa, 2018).




Figure 1 | The three branches of the unfolded protein response (UPR). When misfolded proteins accumulate in the endoplasmic reticulum (ER) lumen, chaperone binding immunoglobulin protein (BiP/GRP78) is detached from the luminal domains of the three ER sensors to which it was bound, allowing PKR-like ER protein kinase (PERK) and inositol-requiring protein-1 (IRE1) to form homodimers and activating transcriptional factor-6 (ATF6) to transit to the Golgi. (1) PERK phosphorylates the α-subunit of the eukaryotic translation initiation factor 2 (eIF2α), resulting in a global reduction of protein synthesis while still maintaining translation of a few key proteins, such as activating transcription factor 4 (ATF4), which induces expression of genes involved in redox homeostasis, amino acid metabolism, protein synthesis, autophagy and apoptosis, such as the transcription factor C/EBP homologous protein (CHOP). Protein synthesis is restored when eIF2α is dephosphorylated by protein phosphatase 1 (PP1) regulatory subunit GADD34, which is also induced by ATF4 when ER stress is resolved. (2) IRE1 autophosphorylates to switch on its RNase activity, inducing a process known as regulated IRE1-dependent decay (RIDD), in which IRE1 cleaves and leads to the selective degradation of a small set of mRNAs or miRNAs. (3) IRE1 also excises a short 26-nucleotide intron from the mRNA encoding transcription factor X-box-binding protein 1 (XBP1), generating the spliced Xbp1 mRNA, which is ultimately translated into the transcription factor XBP1s that, like ATF4, upregulates genes involved in multiple cell signaling pathways, such as ER-associated protein degradation (ERAD). (4) Full length ATF6 translocates from the ER to the Golgi, where it is cleaved by site-1 protease (S1P) and site-2 protease (S2P). This releases a cytosolic fragment which then transits to the nucleus, transcription factor ATF6p50, which drives a transcriptional program to reestablish homeostasis.



An instantaneous reaction to ER stress is initiated by dimerized PERK, which phosphorylates eIF2α in the cytosol leading to global attenuation of protein synthesis by forming an inhibitory complex with eIF2B that restricts its ability to bind to Met-tRNA initiator (Adomavicius et al., 2019). Paradoxically, at the same time, it initiates the translation of specific mRNAs that contain internal ribosomal entry sites. These include ATF4, which induces genes involved in redox homeostasis, amino acid metabolism, protein synthesis, apoptosis, and autophagy (Hetz et al., 2020). Under hypoxia, ATF4 promotes upregulation of LC3B through direct binding to a cyclic AMP response element-binding site in the LC3B promoter (Rzymski et al., 2010). This process likely has a protective role for the cell, as inhibition of autophagy, under those circumstances, led to metabolic consequences of hypoxic stress (Rzymski et al., 2010). ATF4 also induces the expression of CHOP and, together, they transcriptionally activate genes involved in autophagy. These include genes encoding proteins involved in the formation and maturation of the autophagosome, such as Becn1 (which encodes BECN1) and genes from the ubiquitin-like protein (Ubl) system, like Atg12 and Map1-lc3b (for LC3B) (B’chir et al., 2013). Genes encoding the activating enzyme (Atg7), the target of ATG12 attachment (Atg5), as well as genes encoding cargo receptors that are involved in specific degradation of ubiquitinated substrates, like p62, are also upregulated by the eIF2α/ATF4/CHOP branch (B’chir et al., 2013). Finally, protein synthesis is restored when eIF2α is dephosphorylated by protein phosphatase 1 (PP1) regulatory subunit GADD34, which is also induced by ATF4 when ER stress is resolved (Hetz et al., 2020).

ER stress also results in dimerization of the transmembrane protein kinase/endoribonuclease IRE1, which autophosphorylates to switch on its RNase activity that consists of excising a short 26-nucleotide intron from the mRNA encoding transcription factor XBP1 (Hetz et al., 2020). This processing generates the spliced Xbp1 mRNA, which is ultimately translated into the transcription factor XBP1s that upregulates genes involved in ER protein translocation, folding and secretion, as well as degradation of misfolded proteins mainly by ERAD (Hetz et al., 2020). IRE1 also induces a process known as regulated IRE1-dependent decay (RIDD), in which IRE1 cleaves and leads to the degradation of a small set of mRNAs or miRNAs (Hetz et al., 2020) (Figure 1). IRE1 activates autophagy in a more indirect manner, by interacting with adapter proteins like tumor necrosis factor (TNF) receptor- associated factor 2 (TRAF2) and apoptosis signal-regulating kinase 1 (ASK1), forming the IRE1/TRAF2/ASK1 complex that activates c-Jun N-terminal kinase (JNK). JNK phosphorylates transcription factor c-Jun, which induces expression of Becn1 (Senft and Ronai, 2015; Liu et al., 2020). Although activation of JNK by IRE1 promotes, at first, this protective autophagic pathway, during prolonged ER stress, it can turn into autophagy-dependent cell death (Liu et al., 2020; Lindner et al., 2020).

Upon sensing ER stress, full-length ATF6 (ATF6p90) translocates from the ER to the Golgi apparatus, where it is cleaved by site-1 protease (S1P) and site-2 protease (S2P) and releases a cytosolic fragment containing a basic leucine zipper (bZIP) transcription factor, ATF6p50, which then transits to the nucleus (Hetz et al., 2020) (Figure 1). ATF6p50 and XBP1s act simultaneously and may form heterodimers, driving specific gene expression programs that bring about chaperone activation and ER/Golgi biogenesis to increase the cell secretory capacity (Shoulders et al., 2013; Hetz et al., 2020).

As we have mentioned above, the type, intensity, and duration of circumstances that induce ER stress are critical in determining the cell fate upon UPR activation. Initially, the UPR attempts to resolve the misfolded protein build-up, but persistent and unresolved ER stress is bound to cause cell death by inducing apoptosis (Yao et al., 2020). For example, the different outcomes resulting from ATF4 activation make PERK and phosphorylated eIF2α crucial for determining the cell fate (Liu et al., 2020). Regarding the XBP-1 branch, while activation of Xbp1 mRNA splicing is transient and attenuated after prolonged stimulation, the activity of RIDD can be sustained over time and eventually contribute to cell death (Hetz and Papa, 2018). It is important to note that although a variety of mechanisms by which UPR promotes apoptosis have been described, each UPR pathway contribution to this outcome is modest, suggesting the existence of cell-type specific networks that arbitrate the cell fate under severe ER stress. The mechanisms by which UPR regulates the balance between cell survival and apoptosis have been extensively reviewed elsewhere (Hetz and Papa, 2018; Hetz et al., 2020).



UPR, Autophagy and CoV Infections

Coronaviruses (CoV) belong to the Coronaviridae family, which together with Roniviridae and Arteviridae form the order Nidovirales (Fung and Liu, 2019a). CoV infects an extensive range of birds and mammals, with several of them being economically important pathogens, including the avian infectious bronchitis virus (IBV) that causes severe respiratory and kidney diseases in poultry; the bovine coronavirus (BCoV) that causes respiratory tract diseases and diarrhea in cattle; feline infectious peritonitis virus (FIPV) that causes a fatal systemic disease in cats; and the transmissible gastroenteritis virus (TGEV) that causes diarrhea in pigs (Domańska-Blicharz et al., 2020). In humans, CoV are responsible for up to 30% of colds (Mesel-Lemoine et al., 2012). Importantly, CoVs have repeatedly demonstrated the ability to cross the species barrier and jump from non-human hosts to humans in a process known as zoonosis (Ye et al., 2020). In 2003, in the Chinese province of Guangdong, SARS-CoV-2 emerged as the etiological agent of the newly described severe acute respiratory syndrome (SARS), with high mortality rate. It was suggested that SARS-CoV was originated from bats and likely jumped to humans via some intermediate host (probably, palm civets) (Cheng et al., 2007). Nine years later, another zoonosis, this time originating from dromedaries, was detected in Saudi Arabia and named Middle-East respiratory syndrome (MERS), caused by MERS-CoV (Mohd et al., 2016). In neither case, the fear of a pandemic was confirmed. More recently, however, another SARS-inducing CoV - now named SARS-CoV-2 – emerged in Wuhan (China) to cause a pandemic that, to date, has infected 135 million people and killed more than 2,92 million people around the world (https://github.com/CSSEGISandData/COVID-19).



CoV Replication: ER, Autophagy and the Origins of DMVs

CoVs are enveloped positive-sense RNA viruses (Chen et al., 2020). The first two-thirds of the genome consists of 2 large overlapping open reading frames, which encode 16 non-structural proteins (NSPs), including proteases, RNA-dependent RNA polymerase (prRdRp), RNA helicase, primase, and others, that form the viral replication and transcription complexes (RTCs), a platform to propagate viral mRNAs. The remaining portion of the genome includes interspersed open reading frames for the structural proteins – envelope (E), membrane (M), nucleocapsid (N), and the highly glycosylated spike (S) protein that projects from the viral envelope - as well as several accessory proteins generally nonessential for replication in tissue culture but capable of suppressing immune responses and enhancing pathogenesis (Ulferts et al., 2009). Infection begins when the viral S protein attaches to its complementary host receptor, angiotensin I converting enzyme 2 (ACE2) in the case of SARS-CoV-2, allowing the virus to enter the host cells by endocytosis or direct fusion of the viral envelope with the host membrane (Hoffmann et al., 2020). Once inside the cell, the virus induces massive rearrangement of the intracellular membrane network to generate double-membrane vesicles (DMVs) (Prentice et al., 2003). CoV then targets their RTCs on the DMV-limiting membranes through multi-spanning transmembrane proteins (NSP3, NSP4, and NSP6) (Reggiori et al., 2010). The sub-genomic viral RNAs are translated into structural and accessory proteins – transmembrane structural proteins (S, M, and E) are synthesized, inserted, and folded in the ER and transported to the ER-Golgi intermediate compartment (ERGIC), which is a structural and functional continuance of the ER, whereas N proteins are translated in the cytoplasm (Senger et al., 2020). Virion assembly occurs in the ERGIC, and particles are exported through a secretory pathway in smooth-wall vesicles, which ultimately fuse with the plasma membrane to release the mature virus particle (Fehr and Perlman, 2015).

Early on, a role for autophagy in RNA virus replication has been an attractive hypothesis because of its association with complex membrane rearrangements in the cytoplasm that can generate opposed double membranes. Indeed, DMVs resemble autophagosomes and are seen in large numbers in the cytosol of CoV-infected cells. In addition to DMVs, CoV replication complexes share other features of autophagosomes such as co-localization with multiple organelle markers and the acquisition of lysosomal markers throughout infection (Prentice et al., 2003). There have been different perspectives on the origin of CoV-induced DMVs – late endosomes, autophagosomes, and early secretory pathways have all been implicated as the membrane source of DMVs (Chen et al., 2020; V’kovski et al., 2020; Wolff et al., 2020). The major difficulty in solving this issue has been the lack or undetectable levels of marker proteins of subcellular organelles (Reggiori et al., 2011). Accumulating data now indicate that ER-derived membranes are the major source for DMVs formation: (i) several viral proteins, including proteins that are part of the RTCs such as NSP3 and NSP4, are glycosylated in the ER; (ii) also ectopically expressed NSP4 is found in the ER and moves to DMVs upon viral infection; (iii) blocking early steps of the secretory pathway abolishes CoV replication; (iv) electron tomography of cells infected with either SARS-CoV or mouse hepatitis virus (MHV) showed that DMVs are part of a reticulovesicular network of modified ER membranes with double-stranded RNA (dsRNA) inside; and, (v) the subunit of the ER translocon, Sec1α, is found on rearranged membranes during SARS-CoV infection (Knoops et al., 2008; Angelini et al., 2013). Finally, as we will discuss below, recent studies have suggested that DMVs biogenesis might be linked to ERAD tuning pathway. More recently, an effort to establish a compendium of host factors required for CoV infection, including SARS-CoV-2 and other seasonal CoV, identified an absolute requirement for the TMEM41B for infection with all the CoV tested. TMEM41B is a ER-transmembrane protein involved in autophagy, which, again, argues in favor of a role of the ER and components of the autophagy pathway in DMVs biogenesis (Schneider et al., 2021). Thus, CoV replication is structurally and functionally linked to the ER and autophagy.



Autophagy: Is it Required or a Concomitant Event With CoV Replication?

Accumulated evidence has shown that CoVs interact differentially with components of the autophagic pathway with potential for both utilization of its components for replication and attenuation of autophagy but full understanding of their link to autophagy still awaits further investigation.

MHV is considered a prototype CoV and has been extensively used to investigate mechanistic details of the replication and assembly of CoV in vitro and in vivo. Early studies have shown that MHV induced the formation of DMVs derived from autophagosomes and that proteins known to localize to replication complexes (p22 and N) colocalize with LC3+ foci in infected cells throughout the entire course of infection. MHV-induced autophagy was impaired in murine embryonic stem cells lacking ATG5, resulting in decreased viral yield (Prentice et al., 2003). In addition, atg5 knockout cells displayed a deranged morphology of the membranes, particularly hyper-swollen RER containing multiple vesicles, but no autophagosome formation suggesting that the RER might be the source of membranes for replication complexes. The reconstitution of the atg5 knockout with an expression plasmid restored viral yields implying the autophagy is required for viral replication (Prentice et al., 2003). Even though the molecular mechanisms were not determined, the authors hypothesized that the formation of DMVs could serve to sequester and concentrate viral replicases that were translated in the ER and that MHV may have evolved to utilize a preexisting cellular process – autophagy – to maximize replication efficiency. In contrast, Zhao et al. (2007) showed that in bone-marrow derived macrophages (BMMs) or primary mouse embryonic fibroblasts (MEFs) neither ATG5 nor an intact autophagic flux were required for MHV replication or release (Zhao et al., 2007). Considering viruses tropism to different cell types and the different permissiveness for viral replication among these cell types, it is possible that these discrepancies could be, at least in part, related to the different experimental models used (Figure 2).




Figure 2 | Unfolded protein response (UPR), autophagy and coronavirus (CoV) infections. This figure represents data obtained by using different cell models infected by CoV viruses mouse hepatites virus (MHV), infectious bronchitis virus (IBV), SARS-CoV or SARS-CoV-2. CoV infection begins when the viral S protein attaches to its complementary host receptor, allowing the virus to enter the host cells by endocytosis or direct fusion of the viral envelop with the host membrane. The process of SARS-CoV2 virus entry and uncoating (1) downregulates AMPK and reduces phosphorylation of ATG14, disrupting the autophagy flux, while simultaneously inhibiting mTORC1, which promotes autophagy. Once inside the cell, the viral positive-sense RNA is translated (2) and the virus induces massive rearrangement of the intracellular membrane network to generate double membrane vesicles (DMVs) (3). CoV-induced DMVs may originate from late endosomes, autophagosomes or vesicles from the early secretory pathway. MHV-induced autophagy was impaired in cells lacking ATG5, which displayed a deranged morphology of the membranes and decreased viral yield. Nonlipidated LC3 extensively colocalizes with DMV protein markers and downregulation of LC3 protects cells from CoV infection as result of defects in DMVs biogenesis. CoV replication occurs within DMVs and transmembrane structural proteins (S, M and E) are synthesized in the ER (4). Non-structural protein NSP6 from IBV, MHV and SARS-CoV are localized in the ER and participate in autophagosome formation via omegasomes, which could be used for DMV formation. Finally, new viral particles are transported to the ER-Golgi intermediate compartment (ERGIC) for assembly (5) and exported through secretory pathway in smooth-wall vesicles, which ultimately fuse with the plasma membrane to release the mature virus (6). A high demand for membranes for DMV formation and virion exocytosis contributes to ER stress. MHV activates PERK/eIF2α and IRE1 and target genes from these two branches are detected upon infection. Cleavage of ATF6 can also be observed but no target genes are detected subsequently.



Following studies suggested that CoV might not require an intact autophagic flux to replicate but still exploit components of the autophagic pathway to enhance infection. In this sense, another gene essential for autophagy, atg7, was shown to be dispensable for the formation of MHV-induced DMVs and viral replication in MEFs (Reggiori et al., 2010). Nevertheless, it was observed that endogenous nonlipidated LC3 extensively colocalized with the DMV protein markers, NSP2 and NSP3, and that downregulation of LC3, but not inactivation of host cell autophagy, protected cells from CoV infection as a result of defects in DMVs biogenesis. Of note, ectopically expressed GFP-LC3, which is widely used to track autophagosomes, colocalized with neither NSP2 nor NSP3 but ectopically expressed C-terminally HA-tagged, nonlipidable LC3 did (Reggiori et al., 2010). This observation distinguishes DMVs from autophagosomes as LC3 lipidation, which is indispensable for autophagosome elongation, is not required for its association with DMVs. This feature is reminiscent of ERAD tuning vesicles known as EDEMosomes. Post-translational regulation of ERAD factors contained in the ER lumen by rapid and selective removal, which is critical for ER homeostasis, is known as ERAD tuning. In addition to chaperones and folding enzymes, ER also contains ERAD factors that recognize non-native proteins, extract them from the folding machinery and ensure their transport for proteasomal degradation. The ERAD regulators EDEM1, OS-9, and others are removed from the ER in vesicles that display LC3-I in their limiting membrane – the EDEMosomes - and degraded by endo-lysosomal enzymes. Based on this, the authors propose a mechanism by which MHV hijacks the ERAD tuning pathway to coopt cellular membranes for DMV formation and support viral RTCs. Indeed, MHV infection caused accumulation of EDEM1 and OS-9 in the DMVs, and this was independent of autophagy as atg7 deletion did not affect the intracellular levels of EDEM1 as it did those of p62, an autophagy substrate. Importantly, viral-coopting of this cellular process blocks the normal clearance of these vesicles as illustrated by data showing that, in non-infected cells, EDEM1 has a half-life of about 1 hour but upon MHV infection, is still found after several hours of infection even with virus-induced host translational shutoff, indicating that there is actually defective clearance of EDEM1 in infected cells.

A screen using individual IBV non-structural proteins for their ability to induce autophagy showed that NSP6 was located to the ER and induced ER puncta containing DFCP1 and ATG5 (Cottam et al., 2011). NSP-6-induced autophagosomes required ATG5 and the recruitment of lipidated LC3-II, features of classic autophagosomes generated in the ER via omegasomes rather than EDEMosomes. Furthermore, class 3 PI3 kinase activity was also required, indicating PtdIns(3)P are generated from ER lipids to build phagophores. In the IBV model, the infection or ectopic expression of NSP6 induces a complete autophagic flux as the autophagosomes are fused with Lamp1-positive vesicles, which show their ability to deliver the cargo to the lysosomes. However, an intact autophagy flux is not required for viral replication as this was unaffected by pharmacological autophagy inhibitors or silencing of ATG5. NSP6 orthologs from other CoV (SARS-CoV and MHV) also localized to the ER, from where they generate autophagosomes via an omegasome intermediate. Targeting NSP6 to the ER resulted in partial XBP1 splicing and undetectable increase in CHOP expression, indicating that ER stress is limited and not mechanistically involved in autophagy induction (Cottam et al., 2014). It would be interesting to investigate other branches of the UPR since, as we mentioned above, individual pathways might not represent the whole picture.

The same group investigated the characteristics of the autophagosomes induced by ectopic expression of NSP6 from several CoV (SARS-CoV, MHV or IBV) as well as IBV infection (Cottam et al., 2014). All of them induced the formation of a significant number of autophagosomes that were significantly smaller (< 0.5 μm diameter) than the ones induced by starvation (> 1.0 μm). Even with concomitant signals for autophagy activation, such as starvation or mTOR inhibition, IBV infection or IBV NSP6 ectopic expression limited expansion of omegasomes, thereby limiting the expansion of autophagosomes. The authors showed that mTOR was missing from the surface of lysosomes of cells expressing NSP6 even when cultured in nutrient media and suggested that NSP6 prevents mTOR association with lysosomes limiting the formation of large autophagosolysosomes. It still to be addressed if NSP6 acts by directly interacting with other proteins at the surface of lysosomes or indirectly by affecting other signaling pathways. Although smaller, NSP6-induced autophagosomes could still take up SQSTM1/p62 and deliver it to lysosomes. Additional work will be necessary to understand if limiting autophagosome expansion brings any advantage for CoV replication. Given that the size of DMVs is much smaller than what is observed in starvation-induced autophagosomes, the authors hypothesize that these smaller autophagosomes could be used to generate DMVs (Cottam et al., 2014).

In contrast to the studies above that suggest a positive correlation between the induction of autophagy and CoV replication, other studies have proposed an inhibitory effect of CoV on the autophagic process. For instance, MERS-CoV seems to establish a tug of war in which at the same time that autophagy limits viral propagation, the virus is able to impair autophagic flux by activation the E3-ligase S-phase kinase-associates protein 2 (SKP2) (Gassen et al., 2019). SPK2 acts via FKBP5, a stress-regulated protein involved in numerous pathways through scaffolding regulatory protein interactions and the involvement of AKT1 and PHLPP. Activated phosphorylated SPK2 polyubiquitinates the critical autophagy initiating protein BECN1 for proteasomal degradation. Conversely, pharmacological inhibition of SPK2 stabilizes BECN1, enhances autophagy, and restricts MERS-CoV propagation. Altogether these results indicate that autophagy is a relevant anti-MERS-CoV mechanism. Indeed, knocking down ATG5 resulted in a 52-fold increase in the formation of MERS-CoV particles (Gassen et al., 2019). More recently, the same authors have shown that similar to MERS-CoV, SARS-CoV-2 strongly reduced the autophagic flux in two different cell lines – the human bronchial epithelial cells NCI-H1299 and Vero cells (Gassen et al., 2020). This later study showed that the phosphorylated active forms of AMPK, AMPK substrates (LXRXX), AMPH downstream targets (TSC2 and ULK1) and mTORC1 were all downregulated upon SARS-CoV-2 infection. Concomitantly, increased levels of phosphorylated AKT1 were observed, leading to SKP2 activation and decreased BECN1 levels. This resulted in reduced ATG14 phosphorylation and oligomerization and subsequent lack of fusion of autophagosomes and lysosomes and disrupted autophagy flux. It had been previously suggested that the membrane-associated papain-like protease PLP2 (PLP2-TM) of SARS-CoV or MERS-CoV could be involved in blockage of autophagosomes-lysosomes fusion and suppression of the autophagic flux (Yang and Shen, 2020).



ER Stress Induces Different Signaling Circuits in Response to CoV Infection –

Despite the lack of consensus on the biogenesis of DMVs, it is clear that its membranes originate from the ER, whether it is through omegasomes/autophagosomes, EDEMosomes or both. Such high demand for membranes represents an additional burden to the ER that is also coopted to produce viral proteins. Indeed, during CoV replication, massive amounts of structural proteins are synthesized in the ER, and the production, folding and modification (in particular, extensive glycosylation of S protein) of these proteins increase the workload of the ER, eventually overloading its folding capacities and leading to UPR activation. Continuous depletion of the ER lipid content due to virion exocytosis also contributes to ER stress. Several pieces of evidence indicate that CoV infection induces ER stress: (i) genes and proteins involved in ER stress were shown to be upregulated in cells infected with SARS-CoV. Different studies showed that both the glucose-regulated protein 94 (GRP94) and GRP78/BiP are induced upon SARS-CoV infection in cell culture systems (Chan et al., 2006; Palmeira et al., 2020). In addition, infection with either MHV or SARS-CoV also results in up-regulation of homocysteine-inducible, ER-stress inducible, ubiquitin-like domain member 1 (HERPUD1), an ER stress marker (Fung and Liu, 2014).

Among the three branches of UPR, the PERK-eIF2α is the best characterized in CoV-infected cells. For example, MHV induces significant eIF2α phosphorylation and ATF4 upregulation in infected cells resulting in sustained translation repression. Even though there have been conflicting results in early studies on the role of the integrated stress response on CoV infections, it appears that both PERK and PKR, and subsequently eIF2α phosphorylation, occur at the early stages of CoV infections in cell cultures. In cells infected with SARS-CoV, PERK, PKR and eIF2α phosphorylation were detected as early as 8h post-infection (Krähling et al., 2009). Even though it significantly inhibited SARS-CoV-induced apoptosis, the knock-down of PKR did not affect eIF2α suggesting that this could be dependent on PERK activation. Supporting this is the previous observation that SARS-CoV accessory protein 3a induces PERK phosphorylation (Minakshi et al., 2009). Two complementary studies from the same group indicated that the PERK/PKR-eIF2α pathway is also activated at early stages of IBV infection in vitro, leading to ERK1/2 phosphorylation and promoting cell survival. After 8 h of infection, however, eIF2α is dephosphorylated as a feedback response due to the accumulation of GADD34, which is downstream of ATF4 and GADD153. Up-regulation of GADD153, which was partially blocked by silencing either PKR or PERK, also promoted apoptosis in IBV-infected cells (Wang et al., 2009; Liao et al., 2013). Altogether, these results highlight the delicate balance between cell survival and cell death upon UPR activation depending on the intensity and/or duration of stress.

The ORF3 protein of porcine epidemic diarrhea virus (PEDV), similar to SARS-CoV 3a protein or human pathogenic coronavirus NL63 (hCoV-NL63) ORF protein, localizes to the ER and triggers ER stress by upregulating GRP78 and activating the PERK-eIF2α pathway (Zou et al., 2019). This, in turn, results in induction of autophagy as shown by conversion of LC3-I into LC3-II. ORF3 protein is thought to function as an ion channel and to influence virus production and virulence (Wang et al., 2012).

Studies using MHV have demonstrated that the IRE1 axis also senses ER stress during infection, as shown by efficient splicing of XBP1 mRNA upon infection or overexpression of the S protein (Bechill et al., 2008). However, how this contributed to the cellular response was unclear since the protein product of the spliced XBP1 was not observed and genes known to be downstream of XBP1s – such as EDEM1, ER DNA J domain-containing protein 4 (ERdj4), and protein kinase inhibitor of 58 kDa (p58IPK) – were not significantly up regulated following infection. It is possible that sustained eIF2α phosphorylation and translational repression observed during MHV infection interfere with the translation of the XBP1 protein. Another possibility is that IRE1 operates through alternative signaling pathways. It has been demonstrated that activation of IRE1 was essential for autophagy induction upon infection with another CoV, IBV (Fung and Liu, 2019b). Autophagosome formation and autophagic flux were also dependent on ATG5 but independent of BECN1. In this model, XBP1 splicing was dispensable, and IRE1 signaled through ERK1/2 to modulate autophagy induction in infected cells and protect them from apoptosis. A more recent study demonstrated that IBV can induce significant splicing of XBP1 mRNA and subsequent upregulation of EDEM1, ERdj4 and p58IPK in various cell lines (Fung et al., 2014). This was dependent on IRE1 activation as inhibiting or knocking down IRE1 effectively blocked IBV-induced XBP1 mRNA splicing and effector genes upregulation. In this context, the IRE1-XBP1 pathway seems to protect cells from apoptosis by modulating JNK and AKT phosphorylation. Altogether, these studies highlight how stress-related pathways intersect in different ways depending on cellular context and how different signaling circuits ultimately define cell fate. Also, it is important to evaluate the cell response as a whole, as it is not uncommon for RNA viruses to utilize only a subset of the components of stress response pathways that can signal through alternative pathways.

Similar to what was observed with IRE1, significant cleavage of ATF6 is observed following infection with MHV but the activation of target genes was not detected using luciferase reporter constructs under the control of ERSE promoters (Fung et al., 2014). In addition, ATF6 levels (full length and cleaved) significantly decrease at later time points of infection. The authors of this study suggest that global protein synthesis arrest following eIF2α phosphorylation impedes ATF6 accumulation and subsequent activation of target genes (Bechill et al., 2008).

ATF6 was implicated in the response to SARS-CoV. On the 2003 SARS-CoV outbreak, the accessory protein 8ab was found in animals and early human isolates. This protein was found to co-immunoprecipitate with and induce ATF6 cleavage and nuclear translocation (Sung et al., 2009). At the peak of the epidemic, human isolates presented a 29-nt deletion in the middle of ORF8, resulting in two smaller ORFs that encode the truncated polypeptides ORF8a and ORF8b. More recently, it was demonstrated that ORF8b forms insoluble intracellular aggregates leading to ER stress, lysosomal damage, and subsequent activation of the master regulator of the autophagy and lysosome machinery, transcription factor EB (TFEB), leading to increased autophagic flux. ORF8b aggregates are partially degraded by the autophagy-lysosome pathway. Depending on the cell type this may result in either cell death (as observed in epithelial cells) or a robust NLRP3 inflammasome activation by directly targeting its LRR domain with the release of inflammatory mediators (as observed in macrophages). In wild-type macrophages, ORF8b induces NLRP3-dependent pyroptosis while in NLRP3-deficient macrophages, cell death results from mitochondrial dysfunction (Shi et al., 2019).



Manipulation of UPR and Autophagy as a Strategy to Limit CoV Replication

As the current SARS-CoV-2 pandemic progressed, the repurposing of drugs already approved for human use could represent the fastest way to limit viral spread and/or severe disease, save lives, and prevent the collapse of health care systems. Drugs known to modulate both UPR (e.g. thapsigargin) (Al-Beltagi et al., 2021) and autophagy (e.g. hydroxichloroquine) (Senger et al., 2020) were shown to be broad-spectrum inhibitors for several respiratory viruses, including CoV, and emerged as candidates. Even though experimental findings have not yet been translated into efficient treatment and the use of these drugs remains controversial, the literature offers a rationale to target UPR and autophagy in the context of CoV infections. As we have described in this review, these two events are an integral part of the host cell-virus interactions and can be involved in different steps of the viral replicative cycle – from the establishment of replicative niches (DMVs) to regulating cell death. In particular, viral usage of double membranes vesicles resembling autophagosomes as a platform for replication, as a source of membrane for their envelope, as well as an intracellular shuttle for their exocytosis has been reported. Even though the precise mechanisms of DMVs biogenesis are still a matter of debate, components of the autophagic machinery and/or autophagic flux are often found to be necessary. Finally, all CoV identified so far have evolved to manipulate the autophagy pathway in some way, which once again argues that this pathway is essential for viral replication cycle.

One of the first proposed clinical trials in the wake of the COVID-19 pandemic draw huge worldwide attention to the putative benefits of hydroxychloroquine (HCQ) in the early treatment of patients infected with SARS-CoV-2 (Senger et al., 2020). Previously, HCQ had been shown to inhibit MERS-CoV replication in vitro in a screening of FDA-approved compound library (Touret et al., 2020). In experimental SARS-CoV infections, HCQ was able to limit inflammation markers even though it has not affected viral titers in the lungs of infected mice (Maisonnasse et al., 2020). The mechanisms proposed to explain the effects of HCQ on SARS-CoV-2 infection included the ability to interfere with ACE2 terminal glycosylation by raising the pH in the Golgi compartment thereby reducing the cell surface expression of SARS-CoV2 receptor (Kalra et al., 2020). In addition, by accumulating in the acidic organelles such as endosomes and lysosomes and neutralizing their pH, it can also disrupt fusion of viral endosomes with lysosomes or the activity of proteases preventing the cleavage of S protein blocking early steps in the viral life cycle (Chen and Geiger, 2020). Finally, HCQ is a well-known inhibitor of autophagy flux by impairing autophogasome fusion with lysosomes (Mauthe et al., 2018). After months of intense debate worldwide and follow-up studies, the efficacy of HCQ to treat COVID-19 was not confirmed, and its use has been discouraged by the FDA because of the risk of side effects. Nevertheless, one should not disregard autophagy as a potential pharmaceutical target because (i) it is a critical host process that controls all steps harnessed by SARS-CoV-2 and (ii) a collection of other drugs known to be autophagy modulators were shown to reduce or block SARS-CoV-2 infection in vitro. For instance, work from Gorshkov et al. (2020) identified 6 compounds known to be autophagy modulators that were able to reduce the cytopathic effects of SARS-CoV-2 in vitro with EC50 values ranging from 2.0 to 13 μM and selectivity indices ranging from 1.5 to >10-fold and their efficacy for inhibiting autophagy correlated with their ability to prevent SARS-CoV-2 cytopathic effects in various cell lines (Gorshkov et al., 2020).

As mentioned previously in this review, work from Gassen et al. (2019) showed that in their experimental conditions, MERS-CoV and SARS-CoV-2 impair autophagy by targeting BCL-1 for proteasomal degradation upon activation of SKP2. Blocking SKP2 with different compounds, including FDA-approved drugs, stabilized BECN1 limiting MERS-CoV and SARS-CoV-2 propagation which, in this case, contrary to HCQ that inhibits autophagy, indicates that boosting autophagy could be an efficient anti-CoV mechanism (Gassen et al., 2019). These authors tested a collection of known autophagy modulators such as spermidine, spermine, rapamycin, AKT1 inhibitors such as MK-2206, and the BCN1 stabilizing antihelmintic drug niclosamide and further advanced the idea that inducing autophagy can limit SARS-CoV infections (Gassen et al., 2020).

Manipulating the UPR has also been shown to be a potential strategy to treat infections with respiratory viruses. Al-Beltagi et al. showed that, in vitro, non-cytotoxic levels of thapsigargin (TG), an inhibitor of the ER-Ca ATPase pump, can block the replication of relevant human respiratory viruses such as CoV (including SARS-CoV-2), Respiratory Syncytial Virus and Influenza (Al-Beltagi et al., 2021). The effects of TG on CoV (hCoV-229E, MERS-CoV and SARS-CoV-2) replication have also been reported in another recent study (Shaban et al., 2020). The authors had previously shown that, in the case of CoV OC43 and RSV, TG-induced ER stress leading to UPR was a central innate immune driver that mediated several downstream host antiviral mechanisms that are particularly effective in blocking the replication of different RNA viruses, which include increased expression of ER stress genes (DDIT3, HSPA5 and HSP90B1) and was accompanied by reduced viral transcription and viral protein expression (Goulding et al., 2020).



Concluding Remarks

As we understand cellular stress responses, it becomes clear that multiple pathways that are activated independently intersect in different ways, resulting in specific signaling circuits tailored to the cellular context. In this sense, it has been recently shown that there is a crosstalk between UPR and autophagy even in homeostatic conditions and it can be differentially modulated upon mild and severe or long-lasting stress. In the context of infections, stress-response mechanisms play multiple roles, including maintenance of homeostasis, fine-tuning of the immune response, and, in some cases, a direct anti-infectious role. The UPR/ISR and autophagy are known to limit the replication of several viruses. On the other hand, many RNA viruses, including CoV, take advantage of these responses to enhance their replication. There has been much debate on the biogenesis of CoV DMVs, which is a crucial step of the viral replicative cycle. Despite the lack of consensus, it is clear that its membranes originate from the ER, whether through omegasomes/autophagosomes, EDEMosomes or both. In addition, even though a complete autophagic flux seems to be dispensable, components of the autophagic machinery may be required in “alternative” pathways for CoV DMVs formation and replication. Similarly, ER stress induced upon CoV infection signals both through canonical UPR response as well as “alternative” signaling involving MAP kinases. There have been enough pieces added to the puzzle to establish a role for UPR and autophagy in CoV replication. However, the missing pieces will define the signaling circuits involved. This will be particularly important for the design of vaccines and therapeutic strategies to face the pandemic.
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Several comorbidities, including hypertension, have been associated with an increased risk of developing severe disease during SARS-CoV-2 infection. Angiotensin II receptor blockers (ARBs) are currently some of the most widely-used drugs to control blood pressure by acting on the angiotensin II type 1 receptor (AT1R). ARBs have been reported to trigger the modulation of the angiotensin I converting enzyme 2 (ACE2), the receptor used by the virus to penetrate susceptible cells, raising concern that such treatments may promote virus capture and increase their viral load in patients receiving ARBs therapy. In this in vitro study, we reviewed the effect of ARBs on ACE2 and AT1R expression and investigated whether treatment of permissive ACE2+/AT1R+ Vero E6 cells with ARBs alters SARS-CoV-2 replication in vitro in an angiotensin II-free system. After treating the cells with the ARBs, we observed an approximate 50% relative increase in SARS-CoV-2 production in infected Vero E6 cells that correlates with the ARBs-induced up-regulation of ACE2 expression. From this data, we believe that the use of ARBs in hypertensive patients infected by SARS-CoV-2 should be carefully evaluated.
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Introduction

The emergence and rapid spread of severe acute respiratory syndrome (SARS) in patients hospitalised in China in late 2019 led to the discovery of a novel coronavirus (Huang et al., 2020; Li et al., 2020; Zhou et al., 2020). The SARS-coronavirus 2 (SARS-CoV-2), which later spread across the globe and reached pandemic status, has forced several countries to adopt lockdown measures, under the threat of the health system collapsing, despite the fact that this put the economy at risk (Shang et al., 2020). Almost one-and-a-half years after the first outbreak of coronavirus disease 2019 (COVID-19) in China, the disease has caused more than three million deaths for 145 million people infected worldwide as of 25 April 2020 (https://coronavirus.jhu.edu/map.html).

SARS-CoV-2 represents one of the most severe threats to human health in more than a century. Previously, other beta coronaviruses caused outbreaks of historical significance, such as the SARS-coronavirus and the Middle East respiratory syndrome (MERS) (Drosten et al., 2003; Zaki et al., 2012; Chakravarty et al., 2020; Zhou et al., 2020). However, despite the previous experience of the SARS-CoV outbreak, much remains uncertain about SARS-CoV-2 infection and coronavirus disease 2019 (COVID-19). Some risk groups have been identified as being more likely to develop severe manifestations of the disease, such as patients with as an underlying lung injury (Yang et al., 2020). Individuals with pre-existing lung disease, diabetes mellitus, and hypertension are at particular risk for SARS-CoV-2 infection (Chen et al., 2020; Liu et al., 2020).

Hypertension is associated with the renin-angiotensin system (RAS), a cascade of vasoactive peptides that orchestrate key human physiology (Wu et al., 2020). The ACE2 monocarboxypeptidase plays a key role in this cascade by acting as a regulator of blood pressure homeostasis through its ability to catalyse the proteolysis of Angiotensin II (AngII) into Ang (Drosten et al., 2003; Zaki et al., 2012; Chakravarty et al., 2020; Huang et al., 2020; Li et al., 2020; Shang et al., 2020; Zhou et al., 2020, Wu et al., 2020). Deregulation of the RAS pathway leads to an increase in the level of AngII, which interacts with its angiotensin II type 1 receptor (AT1R), thus facilitating the activation of various intracellular pathways involved in the remodelling of the heart, vascular disease and endothelial dysfunction (Muslin, 2008; Wehbe et al., 2020).

Interestingly, ACE2 is used by SARS-CoV-2 as a receptor for cell adhesion, which is the initial stage of the virus multiplication cycle (Mostafa-Hedeab, 2020; Shang et al., 2020; Zhou et al., 2020). Once the virus finds the receptor of a permissive cell, it will penetrate it and control the cellular machinery for its replication. As ACE2 is critical to SARS-CoV-2 infection, an imbalance in the RAS, with a shift towards ACE/Ang II and suppressing ACE2/Ang- (Drosten et al., 2003; Zaki et al., 2012; Chakravarty et al., 2020; Huang et al., 2020; Li et al., 2020; Shang et al., 2020; Zhou et al., 2020), may be an important mediator of COVID-19 pathophysiology (South et al., 2020). However, many individuals with hypertension are prescribed Angiotensin II receptor blockers (ARBs) as a drug to control their blood pressure.

To date, however, there has been much debate about the relationship between the use of angiotensin-converting enzyme inhibitors (ACEi) and ARBs and the risk associated with COVID-19 (Devaux, 2020; Sama et al., 2020; Sriram and Insel, 2020; Zhang et al., 2020). Some authors suspected that treating hypertension and other cardiovascular diseases with antihypertensive drugs could increase ACE2 levels and increase the risk of SARS-CoV-2 infection and/or replication, leading to an increased risk of admission to the intensive care unit, mechanical ventilation, and, sometimes, death in patients with COVID-19 (Diaz, 2020; Fang et al., 2020; Ferrario et al., 2020). Nevertheless, in general, it is understood that there is still a long way to go to reach any conclusions in this regard (Zheng et al., 2020). In this study, we investigated whether the previous treatment of SARS-CoV-2 permissive cells with different ARBs modulates the expression of AT1R and ACE2 and impacts the virus replication in a system without Ang II.



Materials And Methods


Cell Line Culture

The Vero E6 cell line (American type culture collection ATCC® CRL-1586 ™) were cultured in minimum essential medium (MEM. Gibco, Thermo Fischer) containing 4% foetal bovine serum (FBS. Invitrogen) and 1% l_glutamine (L-Gln. Invitrogen) at 37°C in a 5% CO2 atmosphere using a 175 cm2 flasks. Every two days, the medium was replenished, and the confluent culture flask was subcultured by trypsinisation.

Callu-3 cells (ATCC® HTB-55 ™) were in turn cultured in MEM containing 10% FBS and 1% L-Gln in 175 cm2 flasks. In tests using culture plaques, the cells were prepared three days earlier and were incubated at 37°C and 5% CO2. Caco-2 cells (ATCC® HTB-37 ™) were also cultured in 175 cm2 flasks at 37°C and 5% CO2, using DMEM medium supplemented with 10% FBS, 1% L-Gln, and 1% amino acids (Aa).



Drugs

Azilsartan, Eprosartan mesylate, Irbesartan, Losartan potassium, Olmesartan medoxomil, Telmisartan, and Valsartan were purchased from the Sigma Group. All ARBs were pre-diluted in DMSO according to the manufacturer’s instructions.



Virus Production and Titration

The SARS-CoV-2 (strain IHUMI-3) was previously isolated from the liquid collected from a nasopharyngeal swab (Gautret et al., 2020). The isolate passed through a total of four passages in Vero E6 cells) in culture medium supplemented with 4% FBS and 1% L-Gln, incubated at 37°C in a 5% CO2 atmosphere. Following the fourth passage in monolayers of Vero E6 cells grown in 75 cm2 flasks, and with the almost complete cytopathic effect (about 72 hours after infection), the supernatant was collected, centrifuged at 3,000×g for 10 minutes at 4°C and then filtered through a 0.22 µm membrane. The filtrate was supplemented with 10% FBS and 1% 2- [4- (2-hydroxyethyl) piperazin-1-yl] ethanesulfonic acid (HEPES) buffer and stored at -80°C, making up the viral stock of SARS-CoV- 2. The 50% tissue culture infectious dose of the virus (TCID50) was determined using 6×105 Vero E6 cells/well in 96 cell plates, using eight replicate wells by dilution. The TCID50 was calculated according to the Spearman and Kärber algorithm.



Cell Viability Assay

In vitro cell viability evaluations were performed on the Vero E6, Calu-3, and Caco-2 cell lines according to the method described by Mossman, with slight modifications (Mosmann, 1983). In a 96-well plate, 6×105 cells were incubated, and 200 µL of the Azilsartan, Eprosartan, Irbesartan, Losartan, Olmesartan, Telmisartan, or Valsartan at different concentrations (1 mM, 500 µM, 250 µM, 125 µM, 62.5 µM, 31.25 µM, 15.62 µM, and 7.81 µM) was added to the wells, diluted in culture medium (MEM 4% FBS and 1% L-Gln for Vero E6, MEM 10% FBS and 1% L-Gln for Calu-3 and DMEM 10% FBS plus 1% Aa and 1% L-Gln for Caco-2), and incubated at 37°C in a 5% CO2 atmosphere. Following incubation, the supernatant from each well was replaced by 100 µl of culture medium, supplemented with 10 µl of MTT solution (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide, Sigma Aldrich, France) (5 mg/ml in PBS), followed by a four-hour incubation at 37°C in a 5% CO2 atmosphere. To dissolve the formazen crystals formed by the living cells, 50µL DMSO was added to each well and incubated for 30 minutes at 37°C in a 5% CO2 atmosphere. Absorbance was measured at 540 nm using a TECAN Infinite F200 microplate reader. The non-cytotoxic concentration was evaluated based on the percentage of viable cells compared to non-treated cell control. Concentrations that exhibited more than 90% of viable cells after five days were considered non-cytotoxic.



Ribonucleic Acid (RNA) Extraction and Quantitative-Reverse Transcription Polymerase Chain Reaction (qRT-PCR)

24-well plates were prepared with 2×105 cells/well of Vero E6, using MEM with 4% of FBS and 1% L-Gln. They were incubated again overnight at 37°C in a 5% CO2 atmosphere. Cell culture supernatant was removed and replaced by drugs diluted in the culture medium. The drug concentrations tested were those previously defined as non-cytotoxic by MTT assay. Following the treatment 72 hours, the cells were infected with SARS-CoV-2 at a multiplicity of infection (MOI) of 0.1 for 24 hours at 37°C in a 5% CO2 incubator. In accordance with the manufacturer’s instructions, RNAs were extracted from cells using a RNeasy Mini Kit (QIAGEN SA) with a DNase I step to eliminate DNA contaminants. The quantity and quality of the RNA was evaluated using a Nanodrop 1000 spectrophotometer (Thermo Science). The first-strand cDNA was obtained using oligo(dT) primers and Moloney murine leukaemia virus reverse transcriptase (MMLV-RT kit; Life Technologies), using 100 ng of purified RNA. The qPCR experiments were performed using specific oligonucleotide primers and hot-start polymerase (SYBR Green Fast Master Mix; Roche Diagnostics). The amplification cycles were performed using a C1000 Touch Thermal cycler (Biorad). The specific primers used were Angiotensin Convertase Enzyme (ACE2) primers (Fwd: 5’ CAG AGG GTG AAC ATA CAG TTG G 3’; Rev: 5’ CAG GGA ACA GGT AGA GGA CAT 3’) and Angiotensin receptor 1 (AT1R) (Fwd: 5’ TGTGGACTGAACCGACTTTTCT 3’; Rev: 5’ GGAACTCTCATCTCCTGTTGCT 3’). The results of qRT-PCR were normalised using the housekeeping gene β-Actin (ACTB) (Fwd: 5’ CAT GCC ATC CTG CGT CTG GA 3’; Rev: 5’ CCG TGG CCA TCT CTT GCT CG 3’) and expressed as relative expression (2-ΔCT), where ΔCT = CT (Target gene) – CT (Actin).



Western Immunoblotting Assay

Vero E6 (2x105 cells/well) were cultured in flat-bottom 24-well plates for 12 hours. Cell culture supernatant was removed and replaced by drugs diluted in the culture medium. After 72 hours of treatment, the cells were then infected with SARS-CoV-2 at a multiplicity of infection (MOI) of 0.01 for 24 hours at 37°C in a 5% CO2 atmosphere. Following infection, the cells were immediately washed with ice-cold phosphate-buffered saline (PBS) and lysed on the plate in a 1X RIPA buffer [100 mM Tris-HCl pH7.5; 750 mM NaCl; 5mM EDTA; 5% Igepal, 0.5% sodium dodecyl sulfate (SDS); 2.5% Na Deoxycholate] supplemented with a protease cocktail inhibitor and phosphatase inhibitor (Roche, Germany). 100 µg of protein was loaded onto 10% SDS polyacrylamide gels. After being transferred onto a Nitrocellulose membrane, the blots were incubated for one hour at 4°C with a blocking solution [5% Free Fat Milk (FFM)-1XPBS-0.3% Tween 20], followed by overnight incubation with a goat ACE2 polyclonal antibody (1:1,000, MAB933, R&D Systems, Minneapolis, USA). After three washes in 1XPBS-0,3%Tween 20, the membrane was incubated with a Donkey anti-Goat IgG Horseradish peroxidase-conjugated (1:10,000 dilution with a blocking solution) for two hours at room temperature. A mouse Glyceradehyde-3-Phosphate dehydrogenase (GADPH) monoclonal antibody (1:5,000, Abnova, Taiwan), followed by incubation with a Sheep anti-mouse Horseradish peroxidase-conjugated (1:10,000 dilution with a blocking solution) (Life Technologies, France) as the loading control. The proteins were visualized using an ECL Western Blotting Substrate (Promega, USA), and images were digitized using a Fusion FX (Vilber Lourmat, France). As for the spike expression, the JessTM Simple Western system of automated Western immunoblotting was used, as previously described (Edouard et al., 2020).



Flow Cytometry

Flow cytometry was used to study the expression of ACE2 on the surface of cells. To do so, Vero E6 cells were cultured in flat-bottom six-well plates at an initial concentration of 1×106 cells/well and were then treated with the drugs. Cells were then detached from the solid support using 2 mM of EDTA in PBS with an incubation period of 15 minutes at 4°C, followed by centrifugation of 500 g for five minutes. The pellet was resuspended in a saturation buffer (2mM EDTA, 10% FSB in PBS) for 30 minutes. For ACE2 labelling, an anti-ACE2-PE mAb (R&D Systems, Minneapolis, USA) was incubated with cells at 4°C in the dark for 30 minutes. Fluorescence intensity was measured using a Canto II cytofluorometer (Becton Dickinson, Biosciences, Le Pont de Claix, France). The results were further analysed using a BD FACSDiva Software v.6.1.3 (Becton, Dickinson and Company, New Jersey, USA).



Immunofluorescence Assay

Vero E6 cells were cultured on sterile coverslips in 24-well plates at an initial concentration of 2×105 cells/mL. After 72 hours of treatment with the drugs, the cells were then infected with the SARS-CoV-2 at a multiplicity of infection (MOI) of 0.01 for 24 hours at 37°C in a 5% CO2 atmosphere. Following infection, the cells were fixed with paraformaldehyde (4%), permeabilised with 0.1% Triton X-100 for three minutes, and saturated with 3%BSA-0,1% Tween 20-PBS for 30 minutes at room temperature. For the primary labelling, a goat ACE2 polyclonal antibody (1:1,000, MAB933, R&D Systems, Minneapolis, USA), a mouse AT1R monoclonal antibody (1:1,000, MAB102441, R&D Systems, Minneapolis, USA), and a polyclonal rabbit anti-SARS Coronavirus Spike protein (rabbit) (1:1,000, PA1-41142, Thermo Fisher, France.) were used. The 4’,6’-diamino-2-fenil-indol (DAPI) (1:25,000, Life Technologies) and the Phalloidin (Alexa 488) (1:500, OZYME) were used for respectively staining the nucleus and the filamentous actin. After one hour of incubation, the slide was washed with 1XPBS-0,1% Tween 20 and incubated for 30 minutes at room temperature with a mix of Donkey anti-Goat IgG (H+L) Secondary Antibody (Alexa Fluor 555), Goat anti-Rabbit IgG (H+L) Secondary Antibody (Alexa Fluor 647) and Goat anti-Mouse IgGb (H+L) Secondary antibody (Alexa Fluor 488) (1:1,000, Thermo Fischer Scientific). The fluorescence was analysed using laser scanning confocal microscopy. Images were acquired using a confocal microscope (Zeiss LSM 800) with a 63X/1.4 oil objective, an electronic magnification of 0.5, and a resolution of 1014_1014 pixels.



Drug Testing Procedure

We prepared 96-well plates with 106 cells/well of Vero E6, cultured in MEM with 4% FBS and 1% L-Gln. They were incubated overnight at 37°C in a 5% CO2 atmosphere. Cell culture supernatant was removed and replaced by drugs diluted in the culture medium. The drug concentrations tested were those previously defined as non-cytotoxic by MTT assay. After the drugs had been incubated with the cells for 72 hours, the virus suspension (SARS-CoV-2) in culture medium was added to all wells, except the negative controls (where 50 μL of the medium was added), respecting a multiplicity of infection (MOI) of 0.004. The supernatant (t=0) was immediately collected (100 µL) and 24- and 48-hours post-infection (h.p.i.), both were stored at -80°C until RNA extraction. 100 μL from each well was then collected and added to 100 μL of the ready-use VXL buffer from the QIAcube kit (Qiagen, Germany). Extraction was performed using the manual High Pure RNA Isolation Kit (Roche Life Science), following the recommended procedures. The RT-PCR was performed using the Roche RealTime PCR Ready RNA Virus Master Kit. The primers were designed against the N gene (Fwd: 5’ GACCCCAAAATCAGCGAAAT 3’; Rev: 5’ TCTGGTTACTGCCAGTTGAATCTG 3’) using the Roche LightCycler® 480 Instrument II. Relative viral quantification was performed compared to the untreated control (viruses without drugs) using the 2(–ΔCT) method, where ΔCt = {[(Ct 48 h.p.i) treated well] – [mean (Ct 0 h.p.i)]} (Livak and Schmittgen, 2001). We performed a statistical analysis using GraphPad Prism v9.0.0 (GraphPad Software, La Jolla, California USA). The distribution of the data did not follow a normal law. Therefore, a non-parametric Kruskal-Wallis test was used to compare each combination against positive controls using ΔCt between t48 h.p.i. and t0 h.p.i. Finally, Dunn’s test was used to correct multiple comparisons. All tests were used at p = 0.05 parameter and were bilateral (two-sides). From the supernatant collected 24 h.p.i. of Vero E6 cells previously treated with the ARBs, TCID50 was also performed, using four replicate wells by dilution, being read in duplicate.

For this test in Caco-2 and Calu-3 cells, they were cultured in their respective culture medium in 96-well plates three days before the treatment of the cells with the non-cytotoxic concentrations of the ARBs. On treatment day, the medium was collected and replaced by the respective medium containing the respective concentrations of each of the compounds. The cells were maintained for three more days in the presence of the ARBs before being infected with SARS-CoV-2. The infection maintained the parameters of MOI (0.004) and final volume (250 µL/well), with one extra step, in which adsorption was performed by centrifugation at 2,272×g, for one hour at 37°C (Sorvall Legend XT/XF, M-20 rotor, Thermo Scientific™ 75217406/DEL). The cells were then incubated for an additional three days post-infection, when the supernatant was collected for analysis. The remaining procedures and analyses were performed as described for the Vero E6 cell above.




Results


Modulation of ACE2 Gene Expression by ARBs in Vero E6 Cells

Initially, we evaluated the modulation of ACE2 and AT1R gene expression in ARBs-treated Vero E6 cells by RT-qPCR. Vero E6 cells are a common model used to evaluate the effect of drugs on coronavirus replication. The ARBs concentrations used in all in vitro procedures were defined from the considered non-cytotoxic concentrations by the MTT assays performed in a five-day incubation period in Vero E6 cells and two other SARS-CoV-2 susceptible cells lines (Calu-3 and Caco-2). The suitable non-toxic concentrations were 7 µM for Losartan, Telmisartan, and Valsartan, 15 µM for Azilsartan and Olmesartan Medoxomil, 30 µM for Eprosartan Mesylate, and 60 µM for Irbesartan.

Modulation was observed at the transcription of the ACE2 and AT1R genes when these cells were treated for 72 hours with the ARBs (Figure 1). While the expression of ACE2 mRNA increased in ARBs-treated Vero E6 (Figure 1A), the expression of AT1R mRNA reduced (Figure 1B) compared with the untreated control. However, at the protein level, the ACE2 expression increase seems more specific, being stimulated by Azilsartan, Eprosartan, Irbesartan and Telmisartan, representing four of the seven tested ARBs (Figure 1C).




Figure 1 | Expression of Angiotensin II receptor type 1 (AT1R) and Angiotensin-converting enzyme 2 (ACE2) mRNAs and proteins by VERO E6 cells following 72 hours incubation with different Angiotensin II Receptor Blockers (ARBs). Non-cytotoxic concentrations of ARBs (Azil, Azilsartan 15µM; Epr, Eprosartan 30µM; Irb, Irbesartan 60µM; Los, losartan 7µM; Olm, Olmesartan 15µM; Tel, Telmisartan 7µM; Val, Valsartan 7µM) were previously defined by the MTT assay and cells were treated with the various ARBs. (A) Relative expression of the ACE2/ACEH gene in untreated (Unt) and ARB-treated Vero E6 cells. (B) Relative expression of the ATR1/AGTR1 gene in untreated versus ARB-treated Vero E6 cells. (C) Expression of ACE2 protein in untreated versus ARB-treated Vero E6 cells (the membrane-anchored ACE2 glycosylated protein that acts as receptor for SARS-CoV-2 is the 110kDa form of the molecule).



When the percentage of positive cells for ACE2 was evaluated by flow cytometry, it was observed that treatment with ARBs does not drastically change the number of cells that are positive for the main receptor of the virus (ACE2). However, not all ARBs have the same effects, and there is a decrease in the number of positive ACE2 cells, particularly under treatment with Losartan and Telmisartan (Supplementary Figure 1).

When evaluating ACE2 and AT1R protein expression in Vero E6 cells treated with Azilsartan (15 µM) (Figure 2), it was possible to observe a wide distribution of AT1R and ACE2 in Vero E6 cells, even in the untreated control (Figure 2A), but also a greater fluorescence intensity at the wavelength corresponding to the ACE2 of cells treated with Azilsartan (Figures 2A, B). This suggests that the increase in ACE2 expression by Azilsartan is also reflected in cell surface levels. No changes were observed regarding the fluorescence intensity in the wavelength corresponding to AT1R (Figures 2A, B).




Figure 2 | Modulation of cell surface-expressed ATR1 and ACE2 molecules in Vero E6 cells non-infected and treated with Azilsartan (15 µM) for 72 hours by immunofluorescence microscopy. (A) The panel presents non-infected cells after incubation with Azilsartan (15 µM) and evaluating the fluorescence corresponding to the ATR1, ACE2, Actin, and the nucleus of the cells. The merge of the images is displayed at the right of the panel. Images were acquired using a confocal microscope (Zeiss LSM 800) with a 63X/1.4 oil objective. (B) Quantitative representation of Mean Fluorescence corresponding to ATR1 and ACE2 molecule expression on VERO E6 cells treated or not treated with Azilsartan. **P < 0.01.





Modulation of SARS-CoV-2 Production by ARBs

For the drug testing procedure, Vero E6 cells were selected, as they express an ACE2 receptor compatible with SARS-CoV-2 spike binding, express the ATR1 surface molecule, with which they ARBs will interact (Figure 2A), and are known to allow a complete productive viral cycle.

Vero 6 cells were incubated with the different ARBs at previously defined concentrations, for 72 hours before infection with SARS-CoV-2. The relative SARS-CoV-2 replication was evaluated in the cell supernatant, 24 and 48 h.p.i. by RT-qPCR (Figure 3A). A significant increase in SARS-CoV-2 replication was observed for Azilsartan, Eprosartan, and Irbesartan treated Vero E6, which represented three of the seven treated groups (Figure 3B). This increase was also observed but with less intensity at 48 h.p.i. (data not shown).




Figure 3 | Effects of pre-treating Vero E6 cells in cells with different ARBs on the SARS-CoV-2 production. (A) Schematic flow of the analysis: Vero E6 cells were treated with different non-cytotoxic concentrations of ARBs (Azilsartan 15µM; Eprosartan 30µM; Irbesartan 60µM; Losartan 7µM; Olmesartan 15µM; Telmisartan 7µM; Valsartan 7µM) were previously defined by the MTT assay and cells were treated with the different ARBs.) for 72 hours and were subsequently infected and produced virus evaluated by RT-qPCR and Western Blotting 24 hours post-infection (h.p.i.). (B) Relative SARS-CoV-2 genome quantification in supernatant of treated and infected Vero E6 cells by RT-qPCR: Relative viral quantification was performed compared to the untreated control (viruses without drugs) using the 2(–ΔCT) method, where ΔCt = {[(Ct 48 h.p.i) treated well] – [mean (Ct 0 h.p.i)]}; (C) Viral protein detection in treated and infected Vero E6 cells by Western Blotting performed in JessTM Simple Western system (automated Western immunoblotting), in which every column represents individual runs (D) TCID50 (six days post-infection) from the supernatant of the treated with different ARBs Vero E6 cells recovered 24 h.p.i. *P < 0.05; **P < 0.01; ***P < 0.001.



Using Western blotting, it was also possible to detect an increase in SARS-CoV-2 spike protein expression in the groups pre-treated with Azilsartan, Eprosartan, and Irbesartan which were infected with SARS-CoV-2 (Figure 3C). The TCID50 of the supernatant recovered from ARBs-treated Vero E6 cells 24 h.p.i. also suggests an increase in viral multiplication. The supernatant of cells treated with Azilsartan and Irbesartan presented a TCID50 of 4.27×105 TCID50/mL (Figure 3D), which was higher than the untreated control (1.22×105 TCID50/mL) (Figure 3D). The groups treated with Eprosartan and Telmisartan displayed a moderated increase, which represents 2.40×105 TCID50/mL (Figure 3D), however, this increase was not significant according to statistical analysis. This data suggests that RNA replication and protein production are increased, as is the number of infectious particles released at 24 h.p.i. Increased detection of viral proteins in cells infected with SARS-CoV-2 (24 h.p.i.) treated with Azilsartan and therefore with increased ACE2 expression, was also observed (Figure 4).




Figure 4 | Modulation of cell surface-expressed ATR1 and ACE2 molecules in Vero E6 cells infected with SARS-CoV-2 (24 h.p.i) and treated with Azilsartan (15 µM) for 72 hours by immunofluorescence microscopy. (A) Schematic flow of the analysis: Vero E6 cells were treated with various ARBs (the MTT assay previously defined non-cytotoxic concentrations: Azilosartan 15µM; Eprosartan 30µM; Irbesartan 60µM; Losartan 7µM; Olmesartan 15µM; Telmisartan 7µM; Valsartan 7µM) for 72 hours and were subsequently infected for analysis of ACE2 and ATR1 on treated and infected cells, 24 hours post-infection (h.p.i.). (B) The panel presents SARS-CoV-2 infected cells after incubation with Azilsartan (15 µM) and evaluation of fluorescence corresponding to the ATR1, ACE2, viral spike protein, and the nucleus of the cells. The merge of the images is displayed at the right of the panel. Images were acquired using a confocal microscope (Zeiss LSM 800) with a 63X/1.4 oil objective. (C) Quantitative representation of Mean Fluorescence corresponding to ATR1 and ACE2 molecules expression on VERO E6 cells treated or not treated with Azilsartan and SARS-CoV-2 in the cells. ***P < 0.001; ****P < 0.0001.






Discussion

Since the previous SARS-CoV outbreak, it has been established that the main receptor for this sarbecovirus/beta-coronavirus is the ACE2 receptor, which is also the main cell entry receptor for SARS-CoV-2 (Hoffmann et al., 2020; Zhou et al., 2020). It is understood that the ACE2 protein on the surface of alveolar epithelial cells in the lung allows for respiratory tract infection by SARS-CoV-2. It is assumed that ACE2 levels correlate with a susceptibility to SARS-CoV-2 infection (Devaux et al., 2020). Pre-existing comorbidities, such as respiratory diseases, diabetes and hypertension, in addition to cardiopathy, have been defined as risk factors for a higher lethality of COVID-19 (Chawla et al., 2020; Yang et al., 2020; Zhang et al., 2020).

It is common for individuals with hypertension to use ARBs to control their blood pressure. As its name suggests, this type of medication works by blocking receptors for angiotensin II (AT1 receptor), which has the role of promoting the constriction of blood vessels, increasing blood pressure (Ferrario et al., 2005; Ferrario et al., 2020). These receptors are found in the heart, blood vessels, kidneys, and intestine (Gheblawi et al., 2020; Li et al., 2020; Devaux et al., 2021). Blocking the action of AngII helps to lower blood pressure and prevent damage to the heart and kidneys.

Vero E6 cells were established from kidney tissue from an African green monkey and represent a lineage of mammalian cell lines most often used for isolation and virus production, including SARS-CoV-2 (Naoki et al., 2014; Matsuyama et al., 2020). The ACE2 protein from monkeys showed very moderate polymorphism concerning the ACE2 protein from humans and could interact with the spike protein from SARS-CoV-2 (Devaux et al., 2021; Fenollar et al., 2021). One study suggested that one of the organs in which ACE2 expression levels are higher is the kidneys. The permissiveness of this cell to different viruses, the higher expression of ACE2 (Ren et al., 2006), and the presence of AT1R (Figure 2A) make this cell a potential for studying the effects of ARBs on SARS-CoV-2 replication. For this reason, we started by investigating the modulation of the ACE2 and AT1R in Vero E6 cells treated with different ARBs in their respective non-cytotoxic concentration in an AngII-free system. From these analyses, we could observe that ARBs increase the expression of ACE2 mRNA (Figure 1A). At the protein level, Azilsartan, Eprosartan, Irbesartan, and Telmisartan induce a higher expression of ACE2 in Vero E6 cells than in untreated cells (Figure 1C). While the expression of ACE2 increases, the expression of the receptor to which these blocking molecules bind (AT1R) reduces (Figure 1B).

Some animal studies indicate that the use of ARBs leads to the upregulation of ACE2 (Ishiyama et al., 2004; Ferrario et al., 2005; Igase et al., 2008; Soler et al., 2009). In Lewis rats treated for 12 days with Losartan, an increase of cardiac ACE2 mRNA and cardiac ACE2 activity was observed (Ferrario et al., 2005). In this same animal model, Losartan and Olmesartan administered via osmotic minipumps for 28 days after coronary artery ligation increased ACE 2 mRNA approximately three-fold (Ishiyama et al., 2004). The proposed mechanism by which these drugs increase the expression of ACE2 associates the inhibitory effect of angiotensin II on Ace2 transcription mediated with the activation of kinase 1 regulated by extracellular signal (ERK1; also known as MAPK3) and ERK2 (also known as MAPK1), after binding to AT1R (Ferrario et al., 2020). This mechanism was revealed by studies in cultured cerebellar or medullary astrocytes, obtained from rats and cardiomyocytes and cardiac fibroblasts from neonatal rats, treated with Losartan and Valsartan (Gallagher et al., 2006; Gallagher et al., 2008).

When it was understood that this modulation of ACE2 expression also occurred in Vero E6 cells, due to data that indicated a rise in the expression of ACE2 mRNA and protein (Figure 1), we sought to use immunofluorescence microscopy to investigate whether treatment with ARBs reflected an increase in ACE2 available on the cell surface. Azilsartan appeared to be a potent modulator of the expression of ACE2 in Vero E6 cells, both at the mRNA and protein levels, and therefore was used in this assay. In Vero E6 cells treated for 72 hours with Azilsartan, an increase in the fluorescence average in the wavelength associated with the ACE2 marker was observed (Figure 2). This result indicates that the expression of ACE2 would increase on the cell surface, while the superficial AT1R would not change (Figure 2B). Interestingly there are significant differences in the ability of ARBs to induce the overexpression of ACE2 once bound to AT1R, since some drugs at 7 µM (e.g. Telmisartan) lead to higher ACE2 increase than others when used at higher concentration (e.g. Irbesartan at 60 µM).

Flow cytometry analysis revealed that neither the number of ACE2-positive cells nor fluorescence intensity changed for most treatments (Supplementary Figure 1). In protein expression and in the number of positive ACE2 cells, the divergent results of Losartan are possibly related to its shortest half-life in vivo (Oparil, 2000). It is also known that after AngII binding, AT1R triggers ACE2 cleavage and shedding, dependent on the p38 mitogen-activated protein kinases (MAPK) pathway, resulting in reduced cell surface expression (Muslin, 2008; Wu et al., 2020). It has previously been shown that Azilsartan, Candesartan, Losartan, and Telmisartan would have opposite effects on the MAPK pathway, which, consequently, would prevent ACE2 excision (Sekine et al., 2003; Kajiya et al., 2011; Zhong et al., 2011). Therefore, it was understood that number of cells that could be susceptible to SARS-CoV-2 infection remains unchanged, even with quantitative variations in receptor expression. Nevertheless, the increased expression of ACE2 could represent a greater likelihood that the virus would bind to one of these receptors due to the increased availability of receptors on the cell surface, resulting in greater chances of infection success.

Although the adsorption step is essential, since the virus-receptor interaction orchestrates the entry of viruses into the cell, the release of the progeny virions at the end of the replication cycle determines the success of the infection (Maginnis, 2018). Therefore, we chose to evaluate whether Vero E6 cells, already characterised by expressing ACE2 modulated by the ARBs, would change the amount of viral progeny released by the infected cells when pre-treated with these ARBs. The relative production of SARS-CoV-2 was evaluated by RT-qPCR of cellular supernatant, 24 and 48 h.p.i. and after 72 hours of ARB-pre-treatment of Vero E6 cells. The increase in viral RNA expression was significant for three of the ARBs used (Azilsartan, Eprosartan, and Irbesartan) 24 h.p.i. (Figure 3B). Interestingly, these three ARBs were also potent positive modulators of ACE2 protein expression (Figure 1C).

The estimated complete replication cycle time in Vero E6 cells for SARS-CoV-2 is eight hours (Brahim Belhaouari et al., 2020), so it is challenging to observe significant changes at early stages when using a low MOI. At later stages, however, the saturation of the supernatant by viruses also makes observation difficult to interpret. This difficulty became obvious when a less significant production of SARS-CoV-2 was observed 48 h.p.i. compared to the untreated control at the same time (data not shown). However, in other cell lines, such as Caco-2 and Calu-3, both human-derived cells, this increased effect was not observed (Supplementary Figure 2). Previously, the treatment of Calu-3 cells with Losartan and Valsartan did not alter the gene expression of ACE2 (Baba et al., 2020). In this same study, it was suggested that one of the possible reasons for this is the low expression of AT1R, a receptor that interacts with ARBs, in human lung tissues, compared to other organs such as the kidneys (Baba et al., 2020). Therefore, these cells would not be good study models.

When we evaluated the expression of viral proteins inside cells infected with SARS-CoV-2 after treatment with ARBs, these same three compounds (Azilsartan, Eprosartan, and Irbesartan) were shown to induce increased expressions of Spike protein (S) (Figure 3C), reinforcing the evidence that these compounds increase the multiplication of SARS-CoV-2. A similar result was observed by immunofluorescence microscopy in cells previously treated with Azilsartan. It is possible to observe the increased detection of ACE2 and SARS-CoV-2 compared to the untreated control (Figure 4).

In the viral envelope, glycoprotein S is responsible for the virus attachment to host cells and penetration by membrane fusion (V’kovski et al., 2021). At the same time, the Nucleocapsid (N) of coronaviruses, in addition to playing a structural role, has already been presented as a multifunctional protein, playing a role in the initial RNA synthesis event (McBride et al., 2014). Thus, the higher expression of S protein in the treated groups compared to the untreated groups, may mean infections are established for longer, suggesting that the entry of SARS-CoV-2 may have occurred more quickly due to the increased receptor availability. That notwithstanding, the evaluation of the increased expression of RNA and protein does not necessarily reflect the number of infectious particles produced. Therefore, from the supernatant recovered from the treated and infected cells 24 h.p.i., we performed a TCID50 assay in which it was observed that the ARBs that present modulation of protein ACE2 in Vero E6 (Figure 1C) also increased the number of infectious particles at the end of the 24 hour cycle from 1.22×105 TCID50/mL (untreated) to 4.27×105 TCID50/mL (Azilsartan and Irbesartan) (Figure 3D).

Our results indicate that Vero E6 cells previously treated for 72 hours with ARBs show a relative increase of ACE2 expression and SARS-CoV-2 production. These results clearly establish a direct relationship between the use of ARBs and viral replication and suggest that when the ARBs bind to the AT1R at the surface of Vero E6 cells, they trigger AT1R-mediated intracellular signals leading to the induction of ACE2 gene expression which likely allows an increase of viral binding, uptake and/or replication. Although the Vero E6 cells model is commonly used to study coronaviruses replication and drugs effect, the relevance of this model in relation to the beneficial use of ARBs to prevent hypertension in patients during periods of high circulation of SARS-CoV-2 remains to be questioned. First, Vero E6 cells were treated with ARBs without adding AngII to the culture medium, while elevated AngII has been reported as a biomarker of severe COVID-19. Second, our experiments were performed in Vero E6 cells, a monkey cellular model. It should be emphasized that the increased SARS-CoV-2 production found in Vero E6 cells was not observed in the preliminary investigations we recently performed on two human cell lines namely Caco-2 (intestinal epithelia origin) and Calu-3 (lung epithelia origin). A wider range of human cell lines should be tested to determine whether it is possible to select an appropriated human cellular model in which ARBs could up-regulated ACE2 expression and SARS-CoV-2 production with the objective to get closer to the conditions that are encountered in human pathophysiology. Based on our current data, we believe that the beneficial use of ARBs to prevent hypertension in patients during periods of high circulation of SARS-CoV-2 should be carefully evaluated.
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Supplementary Figure 1 | Percentage of ACE2 positive Vero E6 cells after treatment with ARBs. The cells were treated with the ARBs for 72 hours prior to flow cytometry analysis. (A) Percentage of ACE2-positive cells after treatment with ARBs; (B) Mean Fluorescence Intensity of the cells after treatment with ARBs. Fluorescence intensity was measured using a Canto II cytofluorometer (Becton Dickinson, Biosciences, Le Pont de Claix, France) and the results were analysed using a BD FACSDiva Software v.6.1.3 (Becton, Dickinson and Company, New Jersey, United States). Non-cytotoxic concentrations were previously defined by the MTT assay: Azilsartan 15µM; Eprosartan 30µM; Irbesartan 60µM; Losartan 7µM; Olmesartan 15µM; Telmisartan 7µM; Valsartan 7µM. **P < 0.01; ***P < 0.001.

Supplementary Figure 2 | Effects of pre-treating human secondary cells with different ARBs in the SARS-CoV-2 replication. The cells were initially treated with the drugs for 72 hours before infection and incubated in their presence for additional three days post-infection. The supernatant was collected 72 h.p.i. for RNA extraction and RT-qPCR. Relative viral quantification was performed and compared to the untreated control using the 2(–ΔCT) method. (A) Relative viral genome quantification of SARS-CoV-2 in the supernatant of treated and infected Caco-2 cells. (B) Relative SARS-CoV-2 genome quantification in the supernatant of treated and infected Calu-3 cells. Non-cytotoxic concentrations were previously defined by MTT assay. *P < 0.05; ****P < 0.0001.
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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) caused an outbreak in Wuhan city, China and quickly spread worldwide. Currently, there are no specific drugs or antibodies that claim to cure severe acute respiratory diseases. For SARS-CoV-2, the spike (S) protein recognizes and binds to the angiotensin converting enzyme 2 (ACE2) receptor, allowing viral RNA to enter the host cell. The main protease (Mpro) is involved in the proteolytic process for mature non-structural proteins, and RNA-dependent RNA polymerase (RdRp) is responsible for the viral genome replication and transcription processes. Owing to the pivotal physiological roles in viral invasion and replication, S protein, Mpro, RdRp are regarded as the main therapeutic targets for coronavirus disease 2019 (COVID-19). In this review, we carried out an evolutionary analysis of SARS-CoV-2 in comparison with other mammal-infecting coronaviruses that have sprung up in the past few decades and described the pathogenic mechanism of SARS-CoV-2. We displayed the structural details of S protein, Mpro, and RdRp, as well as their complex structures with different chemical inhibitors or antibodies. Structural comparisons showed that some neutralizing antibodies and small molecule inhibitors could inhibit S protein, Mpro, or RdRp. Moreover, we analyzed the structural differences between SARS-CoV-2 ancestral S protein and D614G mutant, which led to a second wave of infection during the recent pandemic. In this context, we outline the methods that might potentially help cure COVID-19 and provide a summary of effective chemical molecules and neutralizing antibodies.
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Introduction

SARS-CoV-2 is a highly contagious virus that has led to a worldwide epidemic; it causes fever, headache, cough, myalgia, fatigue, sputum production, and hemoptysis (Chen et al., 2020; Huang et al., 2020; Coronaviridae Study Group of the International Committee on Taxonomy of V, 2020; Wong, 2020; Wu and McGoogan, 2020; Xu J. et al., 2020). Most patients infected with SARS-CoV-2 can develop acute respiratory distress syndrome (ARDS) (Zumla et al., 2020). Until April 20, 2021, there have been 142,097,799 confirmed cases and 3,029,811 deaths globally. These statistics are rising rapidly, with approximately 10,000 deaths increasing per day. Some notable SARS-CoV-2 variants probably became dominant in many countries and caused uncontrolled transmission worldwide (Korber et al., 2020; Yurkovetskiy et al., 2020; Plante et al., 2021). According to the World Health Organization’s official report, SARS-CoV-2 has caused one of the worst global health emergencies in history. Until now, scientists are still struggling to prevent the spread of SARS-CoV-2 and have gained some improvements. In this review, we summarize the origin, evolution, and pathogenesis of SARS-CoV-2. In addition, we show the structures of spike protein, Mpro, and RdRp, as well as the complex structures of these three proteins with their inhibitors. In conclusion, we provide a summary of effective chemical molecules and neutralizing antibodies, which might potentially help cure COVID-19.



Origin and Evolution of SARS-CoV-2

Numerous studies claim that SARS-CoV-2 belongs to the group of coronaviruses, with a single-stranded genome of about 26-32kb (+ssRNA), which is the largest genome size of RNA virus as known (Woo et al., 2012). After a year of struggles, researchers have learned more about the origin, structure, and inhibition of SARS-CoV-2. Coronaviruses belong to the order Nidovirales, family Coronaviridae and the subfamily Coronavirinae. Coronavirinae consists of α-coronavirus, β-coronavirus, γ-coronavirus and δ-coronavirus (Woo et al., 2012). Coronavirus was first isolated from chickens in 1937. It was not until the SARS outbreak in February 2003 that the coronavirus was considered highly pathogenic to humans (Fouchier et al., 2003). Before that, the coronaviruses that spread among humans mainly caused mild infections in people with a weaker immune system (Vaheri et al., 2013; Su et al., 2016; Zhou et al., 2018). Since 2002, three zoonotic outbreaks have been caused by β-coronaviruses in China, SARS-CoV in 2003 (Fouchier et al., 2003), MERS-CoV in 2012 (Zaki et al., 2012), and the latest outbreak of SARS-CoV-2 at the end of 2019 (Cauchemez et al., 2013; Cui et al., 2019; Huang et al., 2020). Apart from these, there are other four human coronaviruses: HCoV-229E, HCoV-OC43, HCoV-NL63, and HKU1. These coronaviruses could lead to mild diseases in the upper respiratory of the immune-competent hosts. Regardless, some of viruses could induce serious infections in infants, children, and the elderly (Su et al., 2016). Some people suspect that SARS-CoV-2 directly originated from SARS-CoV, while others believe that it leaked from the laboratory (Andersen et al., 2020). However, the evolutionary analysis of SARS-CoV-2, SARS-CoV, and MERS-CoV by neighbor-joining method showed that SARS-CoV-2 belongs to a new evolutionary branch of coronaviruses (Figure 1) (Cao et al., 2005; Chan et al., 2015; Jiang et al., 2020; Rabaan et al., 2020). Comparing the sequences of SARS-CoV and SARS-CoV-2, the homology is about 90%. Notably, the SARS-CoV-2 spike (S) protein has high sequence homology (up to 98%) with that of bat coronavirus RaTG13 (Li et al., 2003). However, the amino acid sequence homology between MERS-CoV and SARS-CoV-2 related virus is less than 90% (Chan et al., 2015). Apart from the amino acid sequence, the receptor and the host of MERS-CoV are distinct from SARS-CoV-2 and SARS-CoV (Hamming et al., 2007; Chen et al., 2013; Xia et al., 2014; Jiang et al., 2014; Forni et al., 2017; Chafekar and Fielding, 2018; Song et al., 2019; Bleibtreu et al., 2020) (Figure 1).




Figure 1 | Evolutionary relationships of SARS-CoV, MERS-CoV, SARS-CoV-2, and several viruses from α- and β-coronavirus categories by the neighbor-joining method. A coronaviruses’ phylogenetic tree is shown based on the full-length genome sequence. All complete genome sequences of the coronavirus are downloaded from the NCBI reference sequence database RefSeq. The evolutionary relationship analysis involves 11 nucleotide sequences, including SARS-CoV, MERS-CoV, SARS-CoV-2, RaTG13, pangolin-CoV, HCoV-OC43, HKU1, SADS-CoV, PEDV, HCoV-NL63, and HCoV -229E. By using the neighbor-joining method, the evolutionary history was inferred. The optimal tree is shown, with the sum of branch length = 3.61257103. Next to the branches are shown the percentage of replicate trees (50 replicates) where the associated taxa are clustered together in the bootstrap test. The tree is drawn to scale, and its branch length is the same as the units used to infer the evolutionary distance of the phylogenetic tree. The phylogenetic tree is drawn by MEGA7.



Some researchers believe that some viruses originated from rodents, such as HCoV-OC43 and HKU1; others originated from bats, which consist of HCoV-NL63, HCoV-229E SARS-CoV, and MERS-CoV (Mittal et al., 2020) (Figure 2). However, the origin of SARS-CoV-2 remains unknown. Some people suspect that bats might be the SARS-CoV-2’s source because the RaTG13 virus isolated from bats has high sequence similarity with SARS-CoV-2 that has come from the same branch. A study reported that bat RaTG13 and SARS-CoV-2 recognize the same receptor ACE2 and have the same ability to infect cells through this receptor. These studies also identified that the ACE2 binding ridge in the bat RaTG13 receptor binding motif (RBM) contains four residues, which is the same as SARS-CoV-2. Moreover, Leu455, conserved on SARS-CoV-2 and RaTG13, may contribute to the recognition of ACE2. Thus, these findings suggest that SARS-CoV-2 may be derived from RaTG13 or shares a common ancestor with RaTG13 (Li et al., 2003; Shang et al., 2020).




Figure 2 | Animal origins of human coronaviruses. SARS-CoV, MERS-CoV, and SARS-CoV-2 originated from bats; HCoV-229E and HCoV-NL63 usually lead to mild infections in immune people. The origins of these viruses have recently been found in African bats, and camelids may be intermediate hosts of HCoV-229E, HCoV-OC43, and HKU1, all of which are also harmless in humans and probably originated from rodents.





The Pathogenic Mechanism of SARS-CoV-2

The diameter of the SARS-CoV-2 virus particle is approximately 100 nm (Figure 3). It contains structural proteins (the membrane (M), envelope (E), spike (S), and nucleocapsid (N) proteins), an accessory protein, and non-structural proteins (nsps) (NSP1–16) (Cao et al., 2005; Chang et al., 2014; Lu et al., 2020; Yao et al., 2020b; Wu et al., 2020a). The SARS-CoV-2 resembles a corona because of the plenty of S proteins on the envelope. The S protein of coronaviruses, which could help to binding, fuse membrane, enter into the host cells, and induct antibody, is a type I transmembrane (TM) glycoprotein. The accessory and non-structural proteins’ functions are related to virulence because those proteins are involved in viral replication and assembly (Holmes, 2003).




Figure 3 | The comparison of the structural proteins of SARS-CoV, MERS-CoV, and SARS-CoV-2. (A) Coronavirus virion structure. Coronaviruses, forming enveloped and spherical particles, are with a diameter of 100–160 nm. The positive-sense, single-stranded RNA (ssRNA) genome is 27–32 kb in size. RNP, ribonucleoproteins; S, spike; E, small membrane envelope; M, membrane are transmembrane proteins. (B) The schematic diagram for the components of the SARS-CoV, MERS-CoV, and SARS-CoV-2. A polyprotein, pp1ab, which is encoded at two-thirds of the 5’-terminal of the genome, is further cleaved into 16 non-structural proteins. These proteins are involved in transcription and replication. The structural proteins, envelope glycoproteins spike (S), envelope (E), membrane (M), and nucleocapsid (N), are encoded at the 3’ terminus.



SARS-CoV-2 invades cells in two ways. One is interfering with target cells directly. SARS-CoV-2 occupies ACE2 on the membrane (Kuba et al., 2006; Wu et al., 2011; Hemnes et al., 2018; Gao et al., 2019), blocking signals, disturbing the renin-angiotensin (RAS) system. Another is subsequent immune system dysfunction (Guo et al., 2008). After SARS-CoV-2 occupies ACE2, a decrease in the number of immune cells is observed, and IL-1 levels are elevated (Chen et al., 2020) (Figure 4).




Figure 4 | Pathogenesis of SARS-CoV-2. By inhibiting the ACE2’s function, SARS-CoV-2 could cause the injury of the lung. ACE2 plays an important role in the renin-angiotensin system (RAS). Firstly, renin converts angiotensinogen into angiotensin I (AngI), and then AngI is converted into AngII under the ACE2’s action. ACE2 down-regulates the AngI’s and Ang II’s levels. Then, the Ang II type I (AT1) receptors are bound by Ang II, causing lung injury, which includes acute lung injury, pulmonary fibrosis, and pulmonary hypertension. At the same time, Ang II can directly induce rapid growth or proliferation of pulmonary artery smooth muscle cells through AT1, thereby causing pulmonary hypertension. Besides the intestines and lungs, the heart, kidney, esophagus, bladder, ileum, testis, and adipose tissue also could express ACE2, and its level is higher than that of the lung. In addition, tumor tissues have high ACE2 expression, making cancer patients more vulnerable than others.



SARS-CoV-2 employs S protein to infect target cells by fusing the membranes (Tian et al., 2020; Walls et al., 2020; Yan et al., 2020). S protein consists of S1 and S2 subunits. An N-terminal domain (NTD), a receptor-binding domain (RBD), and a C-domain are the main domains of the S1 subunit. Moreover, RBM of the RBD, located in a C-domain’s accessory subdomain, is a hypervariable region for receptor recognition. Another subunit, including two 7-valent element repeats (HR1 and HR2) and a fusion peptide (FP), could fuse to the cell membrane (Bosch et al., 2003; Belouzard et al., 2009; Burkard et al., 2014; Millet and Whittaker, 2014; Millet and Whittaker, 2015; Kirchdoerfer et al., 2016; Park et al., 2016; Walls et al., 2016). In this process, SARS-CoV-2 is more infectious than SARS-CoV because the free energy of binding between RBD and ACE2 of SARS-CoV-2 is remarkably lower than that of SARS-CoV (Wang K. et al., 2020).

After the SARS-CoV-2 entering the host cell, the viral RNA is attached to the ribosome of host, translating two large, coterminal polyproteins. Subsequently, these proteins were digested into components by proteolysis for packaging new virions. Two proteases for this proteolysis are the papain-like protease (PLpro) and the coronavirus main protease (Mpro). Like other known coronaviruses, SARS-CoV-2 also employs RNA-dependent RNA polymerase (RdRp) to replicate the genome of RNA. Above all, the four proteins, spike, Mpro, PLpro, and RdRp, are essential to virus assemble and pathogenesis (Figure 5) (Sheahan et al., 2020).




Figure 5 | The process of SARS-CoV-2 infection. After coughing, the infected patient will spread virus particles into the air, and people will be exposed to these virus particles. If these virions reach the cell, the infection process begins. The infection is divided into three steps. (A) For SARS-CoV-2, the receptor of spike protein is ACE2. The pink ball is the spike protein. (B) After entering the cell, the positive genomic RNA attaches to the host ribosome, translating two large coterminal polyproteins. These proteins are treated by proteolysis into components that package new virions. The two proteases involved in this proteolysis process are the major coronavirus protease (Mpro) and the papain-like protease (PLpro). (C) RNA-dependent RNA polymerase (RdRp), a replicase encoded by SARS-CoV-2, replicates the RNA genome.



Given the crucial role of S protein and ACE2 in receptor recognition, as well as the critical role of Mpro and RdRp in the SARS-CoV-2’s replication and transcription, interfering with their functions may provide effective antiviral strategies (Hoffmann et al., 2020). In other words, therapeutics currently targeting structural protein (S protein), non-structural proteins (Mpro, and RdRp) from SARS-CoV-2, and ACE2 from the host are potential treatment options for SARS-CoV-2. Recently, studies on the structural biology of the SARS-CoV-2 and structure-based antibody and drug discovery have appeared. We review these findings in the following sections.



Structural Protein andIts Inhibitors


Structure of SARS-CoV-2 Spike Protein

The structure of S protein was resolved in two states: open and closed state (Walls et al., 2020; Wrapp et al., 2020). In the open state of S protein, one RBD was in the “up” conformation and other RBDs in the “down” conformation. The RBD domain (in “up” conformation) exhibits hinge-like conformational movement, which may be the essential determinant for binding host receptor ACE2 (Figures 6A–C). Meanwhile, to fuse the membranes of the virus and host cell, the S protein undergoes a drastic structural rearrangement. In the closed state of S protein, all three RBDs in the “down” conformation are at the interface among protomers (Walls et al., 2020). Compared to the “up” conformation, the “down” conformation in the close state is near the trimer’s central cavity (Figure 6D). Thus, it is expected that the opening of the SARS-CoV-2 RBD is essential for interacting with ACE2 and triggering changes of conformation. The opening of RBD results in cleaving the S2 site, fusing membrane and entering into cells.




Figure 6 | Structure of SARS-CoV-2 spike protein. (A) Schematic of the SARS-CoV-2 spike protein primary structure colored by domain. NTD, N-terminal domain; RBD, receptor binding domain; RBM, receptor binding motif; SD1, subdomain 1; SD2, subdomain 2; FP, fusion peptide; CR, connecting region; HR1, heptad repeat 1; CH, central helix; BH, β-hairpin; SD3, subdomain 3; HR2, heptad repeat 2; TM, transmembrane domain; IC, cytoplasmic tail. Arrows denote protease cleavage sites. (B) From the side view and top view, the Cryo-EM structure of the SARS-CoV-2 spike in the prefusion conformation shows that a single RBD is in the up conformation and other RBDs are in the down conformation in either white or gray. The RBD, which in up conformation, is shown in ribbons colored corresponding to the schematic in (A). (C) Cryo-EM structure of the SARS-CoV-2 spike in the open state. There is one open RBD domain. The three chains are depicted in green, cyan, and magnet, respectively. RBD and RBM are shown in cyan and red cartoon, respectively. (D) Cryo-EM structure of the SARS-CoV-2 Spike in the closed state. The three chains are depicted in green, cyan, and magnet, respectively. RBM is colored in red. RBD and RBM are shown in cyan and red cartoon, respectively. All structures are drawn by Pymol.



After the SARS-CoV-2 pandemic, 12,379 single nucleotide polymorphisms (SNPs) are downloaded in genomic data on June 25, 2020. In these SNPs, four SNPs, C3037U, C14408U, A23403G, and C241U, show high frequency. As for the A23403G, it encodes the mutant D614G in Spike protein. In late January 2020, D614G was first discovered in the viral genomes. Compared with the virus strain provided by Wuhan, Spike mutant D614G is caused by the 23,403nucleotide mutation of SARS-CoV-2. The G614 form is rare in the world, but it has attracted much attention. However, the transition of spike mutants from D614 to G614 occurred all over the world (Korber et al., 2020). Mutations that increase the chance of viral infection occurred mainly in S protein (Plante et al., 2021). With the sequencing analysis, studies showed that the S mutant D614G is a pseudo-typed virion. Because mutant D614G has association with a lower RT-PCR cycle threshold among patients, the upper respiratory tract has high viral load (Korber et al., 2020). Animal experiments also confirm these results. Hamsters infected with D614G have higher viral titers in the trachea and nasal wash than those in the lungs. This also supports the mutant D614G increase the load of virus in the Covid-19 patients’ upper respiratory tract and might enhance the spread (Plante et al., 2021). Besides, the ratio of the open conformations of mutant D614G increased up to 58% and is in sharp contrast in the ancestral SARS-CoV-2 virus, in which the ratio of RBDs in the open conformation is only 18%. In comparison with the ancestral S protein in the closed state, the NTD and the INT domain of the S protein D614G shift by 4 Å and 6 Å, respectively. Moreover, the NTD of the S protein D614G has a 3Å shift in the open state (Figure S1) (Yurkovetskiy et al., 2020).

The structures of the S proteins between SARS-CoV-2 and SARS-CoV are similar, and the root mean square deviation (RMSD) on 959 Cα atoms is 3.8 Å. The overall structure of SARS-CoV-2 S protein resembles that of SARS-CoV S protein, with a root mean square deviation (RMSD) of 3.8 Å over 959 Cα atoms (Figure 7A) (Wrapp et al., 2020). For the RMSD value, the structural comparison of S2 subunits, NTDs, subdomains 1 and 2 (SD1 and SD2), and RBDs are 2.0Å, 2.6Å, 2.7Å, and 3.0Å, respectively (Figure 7B). The largest discrepancy exists in the RBDs “down” conformations. The “down” RBD of SARS-CoV is tightly integrated with the NTD of the neighboring chain, while that of SARS-CoV-2 is angled close to the cavity of center. Moreover, the HR1 domain of SARS-CoV-2 forms a six-helical bundle structure, which has higher helical stability than SARS-CoV. In addition, there are several reports suggesting that SARS-CoV-2 has a better ability to fuse membrane than SARS-CoV.




Figure 7 | Comparison of the S protein in SARS-CoV-2 and SARS-CoV. (A) Compared whole S protein between SARS-CoV-2 and SARS-CoV. SARS-CoV-2 and SARS-CoV are shown in green and gray, respectively. (B) Compared different domains of S protein between SARS-CoV and SARS-CoV-2. Structural domains from SARS-CoV-2 S protein have been aligned with the domain from SARS-CoV S as follows: NTD (top left), RBD (top right), SD1, and SD2 (bottom left), and S2 (bottom right). SARS-CoV and SARS-CoV-2 are shown in gray and green, respectively. (C) The overall structure of the SARS-CoV-2 RBD with ACE2 from the side view. ACE2 is shown in green. The SARS-CoV-2 RBD is shown in cyan and RBM in red. (D) The overall structure of the SARS-CoV RBD with ACE2 from the side view. The SARS-CoV RBD is shown in pink and RBM in red. ACE2 is shown in green. (E) The structural details of the interface between ACE2 and SARS-CoV-2 RBM. The interface between the SARS-CoV-2 RBM and ACE2 has been shown. The SARS-CoV-2 RBM is shown in cyan. ACE2 is shown in green. (F) The structural details of the interface between ACE2 and SARS-CoV RBM. The interface between SARS-CoV RBM and ACE2 has been shown. ACE2 is shown in green. The SARS-CoV RBM is shown in pink. (G) Compared Kd value and buried surface between the SARS-CoV RBD or SARS-CoV-2 RBD with ACE2. The value buried area is calculated as the average value. All structures are drawn by Pymol.





Structure of the SARS-CoV-2 S Protein and Its Binding With ACE2

Recent studies highlight that ACE2 plays a critical role in mediating SARS-CoV-2’s entry. In vitro, the binding affinity of the ACE2 with SARS-CoV-2 RBD is at the nanomolar level, indicating RBD plays important roles in binding (Walls et al., 2020; Tian et al., 2020).

Compared to SARS-CoV, the SARS-CoV-2 RBM has some sequence variations, and the distal end has an obvious change of conformation. Except for that, the structure of the RBD between SARS-CoV-2 and SARS-CoV is similar, and the RMSD on 174 aligned Cα atoms is 1.2 Å (Figures 7C, D) (Lan et al., 2020).

The residues of SARS-CoV-2 RBD are essential for binding to ACE2. The RBD of SARS-CoV-2 forms more contacts with the ACE2’s N-terminal helix, the buried area between the RBD and ACE2 is about 878.4Å2, whereas, for SARS-CoV, the buried area of RBD and ACE2 is 839.45Å2 (Figure 7G). In addition, there is a four-residue motif Gly-Val/Gln-Glu/Thr-Ser in SARS-CoV-2, instead of a three-residue motif proline-proline-alanine that is seen in SARS-CoV. Also, the Phe486, located in SARS-CoV-2 RBM, is in different directions and stays in the hydrophobic pockets, which consist of Leu79, Met82, and Tyr83 of ACE2 (Shang et al., 2020; Lan et al., 2020). Taken together, these structural changes in the SARS-CoV-2 RBM enhance the interaction for ACE2 binding.

Furthermore, more forces of interaction were formed in the joint surface between ACE2 and the RBD of SARS-CoV-2 than those in SARS-CoV. There are two virus-binding hotspots on ACE2. One hotspot is ACE2Lys31, which forms a salt bridge with Glu35 of the RBD from SARS-CoV-2. Another hotspot is ACE2Lys353, which forms a salt bridge with Asp38 of the RBD from SARS-CoV-2. The Kd value of ACE2 for binding to the RBDs from SARS-CoV or SARS-CoV-2 is 44.2 nM and 185 nM, respectively. In addition, corresponding to the SARS-CoV RBM’s Leu472, Phe486, located in SARS-CoV-2 RBM, has a different orientation to enhance the interactions between RBM and ACE2 (Figures 7E, F) (Shang et al., 2020).


In conclusion, the changes of structure from SARS-CoV-2 RBM offer more favorable interactions for binding to ACE2 (Benton et al., 2020; Cao L. et al., 2020; Wu et al., 2020b). According to the known structure of SARS-CoV-2 S protein with ACE2 (Benton et al., 2020; Xu C. et al., 2020), many efforts focus on designing inhibitors to disrupt the interaction between S protein and ACE2. These strategies include competitive binding to the RBD or interference with ACE2 binding.



Inhibitors of SARS-CoV-2 S Protein


Neutralizing Antibodies

Among the inhibitors that prevent the interaction between ACE2 and the RBD, neutralizing antibodies against S protein are the most widely studied. The first reported neutralizing antibody is BD-368-2, which was selected from 14 potent neutralizing antibodies purified from patients’ plasma or blood (Cao Y. et al., 2020; Long et al., 2020). The half-maximal inhibitory concentration (IC50) of BD-368-2, against authentic and pseudo SARS-CoV-2, is 15 and 1.2 ng/mL, respectively. BD-368-2 could protect against SARS-CoV-2 in vivo experiments, providing valuable therapeutic effects. The second reported neutralizing antibody is 2B04, which could neutralize wild-type SARS-CoV-2 with remarkable potency in vitro (IC50 less than 2 ng/ml) (Alsoussi et al., 2020). 2B04 reduces the viral load of the lung, prevents systemic transmission in a murine model of SARS-CoV-2 infection, and protects challenged animals from weight loss. Subsequently, three RBD-specific monoclonal neutralizing antibodies, P2C-1F11, P2C-1A3, and P2B-2F6, from a single B cell were reported (Ju et al., 2020). Their IC50 are 0.03, 0.28 and 0.41 μg/mL, respectively. These monoclonal antibodies can compete with ACE2 for RBD binding, exhibiting robust anti-SARS-CoV-2 neutralizing activity. Thereafter, a series of REGN neutralizing antibodies REGN10933 and REGN10987 showed high clinically therapeutic effects, with IC50 of 42.8 and 40.8 pM, respectively (Baum et al., 2020).


Structure of BD23-Fab in Complex With S Trimer

The cryogenic electron microscopy (cryo-EM)-based structure of BD-23 Fab in complex with the trimer of S protein (s trimer) was resolved at an overall resolution of 3.8 Å (Cao L. et al., 2020). In this 3D reconstruction, a single BD-23 Fab binds the “down” RBD in chain B of S trimer. As for binding to the RBD, the BD-23 Fab’s heavy chain variable domain is involved. In fact, a comparison with the complex structure of RBD-ACE2 shows that BD-23 Fab competes with ACE2 for binding to RBD (Figure 8A).




Figure 8 | Complex structures of SARS-CoV-2 with antibodies. (A) Cryo-EM structure of BD-23 Fab in complex with the spike (S) trimer. The three protomers in the S trimer are shown in green, cyan, and magenta, respectively. BD23-Fab is colored in yellow (heavy chain) and pink (light chain). The figure in the box is an amplified part of the interaction between BD-23 Fab and Chain (B) (B) Structure of REGN10933 and REGN10987 in complex with RBD. The heavy chain of REGN10933 is orange and light chain of REGN10933 is blue. The heavy chain of REGN10987 is yellow and light chain of REGN10987 is pink. RBD is shown in green. (C) Cryo-EM structure of LCB1 in complex with the S trimer from side view and top view. The three protomers in the S trimer are shown in green, cyan, and magenta, respectively. LCB1 is colored in yellow. (D) Cryo-EM structure of LCB3 in complex with the RBD. The LCB3 is shown in yellow, and RBD is colored in green. All structures are drawn by Pymol.





Structure of Fab Fragments of REGN10933 and REGN10987 in Complex With RBD

In addition to acquiring antibodies from the blood of patients, many studies have attempted to obtain enough antibodies from humanized mice or other mammals and use cocktails to achieve more efficient treatments. In this way, Regeneron Pharmaceuticals developed several prospective antibodies with IC50 at the picomolar level (Baum et al., 2020). The complex ternary’s single-particle cryo-EM with a 3.9 Å resolution displays that fab fragments of REGN10933 and REGN10987 can simultaneously bind distinct regions of the RBD. REGN10933 binds at the RBD’s top. The REGN10987 epitope is located on the RBD side with little overlap with the ACE2 binding site (Figure 8B).




De Novo Protein

Interestingly, D. Baker group designed a series of de novo mini proteins to mimic RBD antibodies (Cao Y. et al., 2020). Applying shape and chemical complementarity strategies, they designed high-affinity mini binders that compete with ACE2 binding. Ten mini proteins (AHB1, AHB2, and LCB1-LCB8) could bind to the RBD, which affinities are ranging from 100 pM to 10 nM. These inhibitors could prevent the entry of SARS-CoV-2 into Vero E6 cells with IC50 from 35 pM to 35 nM. Among them, LCB1 (56 residues) and LCB3 (64 residues) showed stability and are the most potent inhibitors. Their IC50 values are almost six-fold that of the most effective monoclonal antibodies reported so far. Cryo-EM structures determined by the study corresponded to their computational LCB1/RBD or LCB3/RBD models (Figures 8C, D). In a single spike protein, three RBDs can be used simultaneously. These de novo hyper stable mini binders offer good points for new therapeutics of SARS-CoV-2.

Apart from those mentioned above, numerous neutralizing antibodies for SARS-CoV-2 have sprung up (Figures S2, S3). Structural evidence suggests that the stoichiometry of RBD with neutralizing antibodies is different (Figure S2). For instance, S309 Fab (Pinto et al., 2020), H104 Fab (Lv et al., 2020), and C105 Fab (Barnes et al., 2020) could bind two or three RBDs of S protein. The state of the RBD differs when it binds to different Fab fragments. S309 Fab binds RBD of S protein in the closed state (Figures S2A, B). However, H104 Fab and C105 Fab bind RBD of S protein in the open state (Figures S2C–F).

Simultaneously, some structures of neutralizing antibodies with RBD were determined. In these structures, RBD could bind one neutralizing antibody, which includes CR3022 (Yuan et al., 2020b), CC12.1, CC12.3 (Yuan et al., 2020a), and so on (Figures S2A–H). RBD also binds two different neutralizing antibodies (Figures S3I–K) and nanobody (Figure S3M). Here, we summarize inhibitors for S protein or RBD as follows (Table 1) (Toelzer et al., 2020).


Table 1 | Summary of inhibitors for spike protein.





Chemical Compounds

There are no effective drugs to prevent the SARS-CoV-2 spread. Thus, therapeutic agents to treat infected individuals are urgently required. Membrane fusion is a crucial step in viral infection. The previously developed coronavirus fusion inhibitors have been shown to prevent virus fusion by targeting the S2 subunit. A pan-coronavirus fusion inhibitor EK1, targeting the subunit S2’s HR1 domain, could inhibit infection of SARS-CoV and MERS-CoV. Subsequently, an EK1 derivative, EK1C4, was found to inhibit the membrane fusion and pseudo-viral infection of SARS-CoV-2 with an IC50 of 1.3 nM and 15.8 nM, respectively (Xia et al., 2020). In addition, IPB02, a lipopeptide fusion inhibitor based on HR2 sequence, showed efficient antiviral activity (Ling et al., 2020; Zhu et al., 2020).




Inhibitors of ACE2

Besides inhibiting the S protein, blocking ACE2 may also be a potential strategy to inhibit the coronavirus infection. Some researchers hope to interrupt the interaction between ACE2 and SARS-CoV-2 by employing existing FDA-approved ACE2 inhibitors (including captopril, enalapril, and lisinopril) (Vaduganathan et al., 2020). In fact, the application of ACE2 inhibitors brought two contradictory impacts on the patients. In some cases, ACE2 inhibitors could reduce inflammation. While in other cases, the inhibitors would improve the entry of viruses. Actually, these ACE2 inhibitors mainly act on the peptidase domain of ACE2, not on the interface for SARS-CoV-2 binding. Moreover, some adverse effects were reported, such as hypertension, heart failure, and these ACE2 inhibitors cause serious side effects in diabetic patients (Bavishi et al., 2020). Therefore, existing FDA-approved ACE2 inhibitors are not an appropriate option for treating SARS-CoV-2 patients (South et al., 2020).

Apart from that, chloroquine (CQ) and hydroxychloroquine (HCQ) were found to be potential therapeutic agents for COVID-19 (Xiu et al., 2020). CQ is a 4- aminoquinoline compound derived from quinine, which has been used to treat malaria, amoebiasis, and SARS-CoV. Studies demonstrated that CQ could increase the endosomal pH value to one which is higher than that required for cell fusion. In addition, CQ could damage the terminal glycosylation of ACE2 receptors, decreasing the interaction between viruses and their ACE2 receptor. Under cell culture conditions, CQ can prevent the interaction between the ACE2 and SARS-CoV RBD, for which ED50 value is 4.4 μM (Vincent et al., 2005). CQ could inhibit SARS-CoV-2, which IC50 value is 1.13 μM (Wang M. L. et al., 2020). HCQ is an analogue of CQ, in which one of the N-ethyl substituents of CQ is β-hydroxylated. Hydroxychloroquine has the same mechanism as CQ but shows more tolerability than CQ (Rainsford et al., 2015). The results showed that the IC50 value of hydroxychloroquine is 0.72 μM after 48 h of incubation (Yao X. et al., 2020).

Even though CQ and HCQ show good antiviral activity, safety, and effectiveness, studies found that they may cause QT prolongation (Stas et al., 2008), ventricular arrhythmias (Chen et al., 2006), retinopathy (Yaylali et al., 2013), and other heart-related toxicities which may be harmful to severely ill patients. Overall, the treatment with CQ and HCQ has certain limitations.




Non-Structural Protein and Its Inhibitors


Structure of Mpro and Its Inhibitors

The main proteinase (Mpro or 3C-like protease) is a cysteine proteinase with a serine proteinase-like structure that can cleave the main part of the polyprotein at 11 conserved sites, releasing RdRp, helicase, and other proteins for viral RNA replication. The functional role of Mpro for the maturation of viral proteins, coupled with the human lack of closely related homology, suggests that Mpro is an attractive target designing antiviral drugs (Ziebuhr et al., 2000; Ziebuhr, 2005; Yang et al., 2005).


Structure of Mpro With N3

A Michael acceptor-based peptidomimetic inhibitor N3 designed by computer-aided drug design (CADD) can inhibit Mpro proteases in MERS-CoV and SARS-CoV (Xue et al., 2008). Consistently, N3 could also fit well inside the SARS-CoV-2’s substrate-binding pocket (Jin et al., 2020). In the structure, two Mpro form dimers via 2-fold symmetry axes of crystallography (named protomer A and B) (Figure 9A). Each protomer is formed by three domains (Figure 9B). Antiparallel β-barrel structures are shown in domain I (residues 8–101) and domain II (residues 102–184). Domain III (residues 201–303) consists of 5 α-helices. Mpro has a Cys–His catalytic dyad, and there is a cleft between domain I and II as the N3-binding site.




Figure 9 | The crystal structure of SARS-COV-2 virus Mpro in complex with inhibitors. (A) Surface representation of the homodimer of Mpro. Protomer A is in green, and protomer B is in pale green. (B) Cartoon representation of one protomer of the dimeric Mpro-inhibitor complex. The protomer is in green. N3 is in red sticks. (C) A zoomed view for the substrate-binding pocket. The key residues, which form the binding pocket, are shown as green sticks, the two waters, assigned as W1 and W2, are shown as red spheres. Four subsites, S1′, S1, S2, and S4, are labeled. P1, P1′, P2, P3, P4, and P5 sites of N3 are shown. Hydrogen bonds are indicated as dashed lines. (D) Close-up view of the 11a binding pocket. The residues involved in inhibitor binding are shown as green sticks. 11a and water molecules are shown as orange sticks and red spheres, respectively. Four subsites, S1′, S1, S2, and S4, are labeled. P1, P1′, P2, and P3 sites of 11a are indicated. Hydrogen bonds are indicated as dashed lines. (E) Close-up view of the 11b binding pocket. 11b and water molecules are shown as cyan sticks and red spheres, respectively. Four subsites, S1′, S1, S2, and S4, are labeled. P1, P1′, P2, and P3 sites of 11b are indicated. Hydrogen bonds are indicated as dashed lines. (F) Comparison of the inhibitor binding modes in SARS-CoV-2 Mpro. Two configurations (S and R) of GC-376, 11a, 11b, N3, and Boceprevir are shown in yellow, blue, orange, cyan, red, and dirty violet, respectively. All structures are drawn by Pymol.



The electron density indicates that the Cb of the vinyl group on N3 and the Mpro catalytic sites Cys145 form a standard 1.8 Å C–S covalent bond, confirming that the Michael addition has occurred (Figure 9C). Five parts from N3 inserts Mpro active sites as P1, P2, P3, P4, and P5 (Wang et al., 2017). The lactam, located on P1, inserts into the S1 subsite, forming a hydrogen bond with His163 in protomer A. At the P2 site, the Leu’s side chain inserts into the hydrophobic S2 subsite. Val at P3’s side chain is solvent-exposed. The P4 side Ala is encircled by Leu167’s and Phe185’s side chains, and the main chain of Glu189, all of which form a small hydrophobic pocket. At P5, there are van der Waals contacting with Pro168. Through plaque-reduction assay, N3 showed an inhibitory effect on SARS-CoV-2, with individual half-maximal effective concentration (EC50) values of 16.77 μM (Jin et al., 2020).



Structure of Mpro With 11a and 11b

By analyzing the structure-activity relationship (SAR) of the reported inhibitor and substrate binding pocket, two compounds 11a and 11b with more effective inhibition than N3 were designed to target SARS-CoV-2 Mpro (Dai et al., 2020).

The electron density map in the complex structure clearly shows the extended conformation of compound 11a in the Mpro substrate-binding pocket (Figure 9D). The Mpro catalytic sites Cys145 forms a covalent bond (1.8-Å) with the aldehyde-based C of 11a (Figure 9E). At P1, the (S)-g-lactam ring of 11a fits well into the S1 site. At P3, the 11a indolyl group is exposed to the S4 position, and Glu166 could stabilize by a hydrogen bond. When binding 11a, multiple water molecules, named W1 to W6, play important roles. Through a 2.9 Å hydrogen bond, W1 has interaction with the amide bond of 11a. As for W2 to W6, the five molecules stabilize 11a in the binding pocket. The 11b shows a similar inhibition binding mode with 11a. (Figure 9F). The biggest difference in binding mode is at P2. The 3-fluorophenyl group in 11b has a downward rotation of about 42.7 degrees relative to the cyclohexyl group in 11a (Dai et al., 2020). The binding modes of 11 a and 11 b in the Mpro complex structure are similar to the previously reported N3 and other inhibitors (Figure 9F). More water molecules are involved in binding hydrogen bonds in 11 a and 11 b, and the functional groups on the P2 are involved in some additional interactions, which may be the reason for their enhanced inhibition (Wang et al., 2016; Zhang et al., 2020). Here we summarize inhibitors for Mpro as follows (Table 2).


Table 2 | The summary of recently reported Mpro inhibitors.





Mpro Inhibitors From FDA Approved Library

For a medical emergency, scientists began to re-screen drugs from all protease inhibitors approved by the FDA, which could inhibit Mpro. The established FRET assay was used to identify potential SARS-CoV-2 Mpro inhibitors by screening all protease inhibitors from the Selleckchem bioactive compound library (Ma et al., 2020).

Noticeable findings are as follows: (1) Boceprevir, an FDA-approved HCV drug, inhibits the Mpro’s enzymatic activity with IC50 of 4.13 µM and EC50 of 1.90 µM against the SARS-CoV-2 virus in the cellular viral cytopathogenic effect (CPE) assay. (Ma et al., 2020). (2) GC-376, an investigational veterinary drug that has the highest enzymatic inhibition against the Mpro with an IC50 value of 0.03 µM (Kim et al., 2016; Pedersen et al., 2018) among candidate inhibitors so far. It showed promising activity against the SARS-CoV-2 virus (EC50 = 3.37 µM). GC-376 can use two different configurations R and S which may explain its high binding affinity to the target Mpro. (3) Calpain/cathepsin inhibitors. Calpain inhibitors II and XII, MG-132, are three potent inhibitors of Mpro with single-digit submicromolar efficacy in the enzymatic assay. Calpain inhibitors II and XII inhibit SARS-CoV-2 with EC50 values of 2.07 µM and 0.49 µM, respectively. MG-132 inhibits SARS-CoV-2 with IC50 values of 3.90 µM (Barnard et al., 2004).

In summary, different potent SARS-CoV-2 Mpro inhibitors had been found with potent antiviral activity. Based on these hits, further development may lead to clinical application towards SARS-CoV-2 infections.




Structure of RdRp and Its Inhibitors

Remdesivir is an adenosine analogue that converts intracellularly into active drugs in the form of triphosphate (RTP), which binds to the nascent viral RNA chain, leading to premature termination (Velthuis et al., 2011; Ahn et al., 2012; Subissi et al., 2014; Kirchdoerfer and Ward, 2019; Wang M. L. et al., 2020). (including SARS/MERS/CoV/Ebola) Remdesivir is considered to be a promising antiviral drug against various RNA viruses (including SARS/MERS/Ebola virus) (Mulangu et al., 2019). Evidence showed that Remdesivir also efficiently inhibited SARS-CoV-2 infection through RdRp (van Hemert et al., 2008; Gong and Peersen, 2010; Sheahan et al., 2017).

Cryo-EM structures of RdRp provide insights into the inhibition mechanism of remdesivir (Yin et al., 2020) (Figures 10B, C). Different from the SARS-CoV RdRp, nsp12 of SARS-CoV-2 RdRp has an additional β-hairpin at the N-terminus (residues 31–50), as well as an extended nidovirus RdRp-associated nucleotidyl-transferase domain, which has three β-strands and seven helices (NiRAN, residues 115–250) (Lehmann et al., 2015; Gao et al., 2020). An interface domain (residues 251–365) is near the NiRAN domain (Figures 10A, C). The nsp12 RdRp domain displays the finger subdomain (resides 397–581 and residues 621–679), forming a closed circle with the thumb subdomain (residues 819–920). The closed conformation is stabilized by a combination of an nsp7 and an nsp8. Two zinc ions were found in the H295-C301-C306-C310 and C487-H642-C645-C646 conserved metal-binding motifs (Figure 10D). These zinc ions may act as conserved structural components to maintain RdRP structural integrity (Yin et al., 2020).




Figure 10 | The structure of the apo RdRp complex. (A) The schematic diagram for the components of the RdRp complex, which contains nsp7, nsp8, and nsp12. The polymerase motif (A-G) and β-hairpin are highlighted because it is unique to the SARS-CoV-2. (B, C) Two views structure of the apo nsp12-nsp7-nsp8 complex. nsp12 consists of an N-terminal β-hairpin (residues 31–50) and an extended nidovirus RdRp-associated nucleotidyl-transferase domain (NiRAN, residues 115–250). An interface domain (residues 251–365) is following the NiRAN domain. The nsp12 RdRp domain shows the canonical cupped right-handed configuration with the finger subdomain. NiRAN, Interface, Fingers, Thumb, Palm, nsp7, nsp8 are shown in orange, gray, hot pink, green, blue, cyan, and violet, respectively. (D) The conserved zinc-binding motifs in the apo structure rendered in ribbon are highlighted. The residues are shown as green sticks, and zinc is shown as red spheres. All structures are drawn by Pymol.



The structure of the template-RTP RdRp complex shows 11-base RNA in the primer strand, 14-base RNA in the template strand, and remdesivir in its monophosphate form (RMP), which is covalently linked to the primer strand (Figures 11A–C). Most protein–RNA interactions involve RNA ribose phosphate backbone directly linked to the 2′-OH groups, which provides the basis for distinguishing RNA from DNA. There are no base pairs in RNA from nsp12 to template-primer, indicating that the RdRP was independent of the RNA sequence. It is consistent with the fact that RdRp enzyme activity does not require specific sequences during the elongation step. At the 3′ end of the primer strand is RMP, covalently bound to the primer strand at the +1 position. Additional nucleotides at the +2 and +3 positions of the template strand interact with residues at the back of the finger subdomain (Figure 11E). As observed in the structure, only one RMP was assembled into the primer strand though the presence of excess RTP in a complex assembly (Tchesnokov et al., 2019; Gordon et al., 2020).




Figure 11 | The structure of the template-RTP RdRp complex. (A) The sequence of the RNA duplex with a 5′ U10 overhang as a template for extending primer and assembling the RdRp-RNA complex. (B) Cryo-EM Structure of the Remdesivir and RNA bound RdRp complex. Template and Primer are shown as yellow and cyan. (C) The conserved RdRp motifs (A to G) of the RNA-bound complex overlap with the apo structure, and color in gray, with a close view at the active site. Motifs (A to G) are shown in light orange, orange, blue, light blue, aquamarine, warm pink, and pale green, respectively. (D) A close view of the RdRp active site, showing the covalently bound RMP, magnesium ions, and pyrophosphate. Key residues and bases interacting with Remdesivir are shown. (E) Remdesivir-bound RdRp complex and protein-RNA interactions in the RNA. All structures are drawn by Pymol.



The RMP position is at the center of the active catalytic site (Figure 11D). RMP interacts with the upstream bases from the primer chains to form base stacking and forms two hydrogen bonds with the uridine groups from the template chains. In addition, RMP interacts with the side chains of K545 and R555. There were two magnesium ions near the bound RMP. Both magnesium ions interact with the diester phosphate backbone to form a part of the active catalytic site (Figure 11D).

Seven conserved motifs construct the active catalytic site of the nsp12 RdRp from A to G (Figures 10C and 11C). Motifs ABCD are from the palm subdomain forming the active catalytic center (Figure 11C). Regarding the two magnesium ions in the catalytic center, both D760 and D761 are involved in the coordination (Figure 11D) (te Velthuis, 2014).

Interesting differences between the apo and complex structures were revealed by structural comparison (Figure 11C). Firstly, nsp7 moved toward the RdRp, resulting in the interface’s rearrangement and lead to a weaker association of the second nsp8 in the complex. Secondly, the loop, connecting the first and second helix of the thumb subdomain, moved outward to adapt the binding of the double-stranded RNA helix. Thirdly, residues K500 and S501 from motif G moved to accommodate the template strand RNA’s binding. Except for these changes, nsp12 in the apo and the RNA-complex are very similar (Venkataraman et al., 2018). In particular, the structural elements of the active catalytic site can be accurately superimposed, suggesting that RdRp is a relatively stable enzyme that can function as a replicase.

Besides remdesivir, several nucleotides, including galidesivir, ribavirin, favipiravir, and EIDD-2801, inhibit SARS-CoV-2 replication efficiently (Gordon et al., 2020). Especially, EIDD-2801 showed 3 to 10 folds more effective than remdesivir in preventing SARS-CoV-2 replication.




Discussion

As the third widespread coronavirus that threatens human beings, SARS-CoV-2 has brought great disaster to the world (Yao et al., 2020a; Liang et al., 2020). Unfortunately, the SARS-CoV-2 variant D614G is more infectious than the ancestral SARS-CoV-2 (Plante et al., 2021). The analysis shows that the destruction of the interaction between D614 and T859 and the increase in the proportion of open RBD may be the reason for the increase in SARS-CoV-2 infection. Recently, other mutations, such as E484Q and L452R, have emerged and have decreased the effect of the vaccine. Fortunately, some patients who contracted SARS-CoV-2 recovered quickly after receiving cocktail therapy (Baum et al., 2020). The cocktail’s formula includes Regeneron’s REGN10933 and REGN10987 antibodies, zinc, vitamin D, famotidine, melatonin, and aspirin. Current drug candidates mainly inhibit S protein and some non-structural proteins (Mpro, PLpro, helicase, and RdRp). Small molecule inhibitors and neutralizing antibodies are potential therapies for SARS-CoV-2 infection.


For small molecule inhibitors, some FDA-approved compounds for clinical use have shown efficacy against SARS-CoV-2. Remdesivir, an inhibitor developed for the Ebola virus, inhibits SARS-CoV-2 by binding RNA replicase RdRp. Compared to small molecules, the neutralizing antibodies exhibit robust inhibition against SARS-CoV-2 infection. The neutralizing antibodies BD-368-2 (Cao L. et al., 2020), BD23-Fab (Cao L. et al., 2020), and P2B-2F6 (Ju et al., 2020) against S protein showed good IC50 values and could effectively compete with ACE2 binding. The IC50 values of neutralizing antibodies REGN10933 and REGN10987 can be as low as a few picomoles, which play an essential role in successful cocktail therapy. Besides this antibody cocktail, two de novo mini proteins designed by CADD with high affinity to S protein, LCB1and LCB3, show effective inhibition to the invasion of SARS-CoV-2 to host cells (Cao L. et al., 2020). The structure of the neutralizing antibodies and SARS-CoV-2 S protein complex provides a robust basis, further promoting the understanding of antibody-based therapy. In fact, many patients have saved their lives based on the application of antibodies.

To date, human beings have experienced several epidemic outbreaks, and each episode has had varying degrees of negative impacts on health, economy, psychology, and human behavior. When it comes to coronavirus, researchers have worked hard to discover its replication and pathogenesis and have gained some achievements in this regard. As we all know, many viruses have been present in natural reservoirs for a long time. Owing to human activities, viruses spread from natural hosts to humans or other animals. Unfortunately, people still cannot predict when the virus will arrive and what impact the virus will have. In this review, we provide the origin and evolution of SARS-CoV-2 to show that people should maintain the barrier between natural reservoirs and human society. After this worldwide epidemic, finding effective drugs or inhibitors is imminent. Although antibodies have shown positive effects, the defects are still obvious and not easy to overcome. In particular, it is impossible and costly to extract enough neutralizing antibodies from convalescent patients for countless clinical treatments. In this review, we summarize almost all the existing neutralizing antibodies or drugs and display their structures. Comparing or incorporating their characteristics is important to optimize or design more effective drugs. In the future, de novo recombinant protein may overcome the bottleneck of antibodies, improving the binding affinity and yield. It is theoretically feasible to minimize the effective antibodies or design de novo antibodies based on the structural data. In the case of Ebola, zMapp, consisting of three chimeric MBS, was successfully used to cure two Ebola patients in 2014 (Lyon et al., 2014). Therefore, the commercial antibody will bring hope to SARS-CoV-2 patients.

In addition to the above two treatments, the vaccine’s clinical application will effectively prevent the spread of SARS-CoV-2 (Silveira et al., 2020). For emergency use, the whole virus inactivated vaccine and mRNA vaccine (Park et al., 2020) have shown the prospect of prevention (Calina et al., 2020). In the future, more in-depth research on SARS-CoV-2 will bring new therapeutic schemes for its prevention and treatment.
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COVID-19 pandemic has infected more than 154 million people worldwide and caused more than 3.2 million deaths. It is transmitted by the Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) and affects the respiratory tract as well as extra-pulmonary systems, including the pancreas, that express the virus entry receptor, Angiotensin-Converting Enzyme 2 (ACE2) receptor. Importantly, the endocrine and exocrine pancreas, the latter composed of ductal and acinar cells, express high levels of ACE2, which correlates to impaired functionality characterized as acute pancreatitis observed in some cases presenting with COVID-19. Since acute pancreatitis is already one of the most frequent gastrointestinal causes of hospitalization in the U.S. and the majority of studies investigating the effects of SARS-CoV-2 on the pancreas are clinical and observational, we utilized human iPSC technology to investigate the potential deleterious effects of SARS-CoV-2 infection on iPSC-derived pancreatic cultures containing endocrine and exocrine cells. Interestingly, iPSC-derived pancreatic cultures allow SARS-CoV-2 entry and establish infection, thus perturbing their normal molecular and cellular phenotypes. The infection increased a key cytokine, CXCL12, known to be involved in inflammatory responses in the pancreas. Transcriptome analysis of infected pancreatic cultures confirmed that SARS-CoV-2 hijacks the ribosomal machinery in these cells. Notably, the SARS-CoV-2 infectivity of the pancreas was confirmed in post-mortem tissues from COVID-19 patients, which showed co-localization of SARS-CoV-2 in pancreatic endocrine and exocrine cells and increased the expression of some pancreatic ductal stress response genes. Thus, we demonstrate that SARS-CoV-2 can directly infect human iPSC-derived pancreatic cells with strong supporting evidence of presence of the virus in post-mortem pancreatic tissue of confirmed COVID-19 human cases. This novel model of iPSC-derived pancreatic cultures will open new avenues for the comprehension of the SARS-CoV-2 infection and potentially establish a platform for endocrine and exocrine pancreas-specific antiviral drug screening.
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Introduction

The novel coronavirus disease 2019 (COVID-19), caused by SARS-CoV-2 (Severe Acute Respiratory Syndrome Coronavirus-2), initiated in China at the end of 2019 and rapidly escalated to global outbreak, infecting more than 154 million people and resulting in related fatalities in more than 3.2 million by beginning of May 2021 (JHU Dataset 2021). Although predominantly considered a respiratory disease, nearly one quarter of COVID-19 patients present other symptoms not related to the respiratory tract but to the gastrointestinal (GI) system (Cevik et al., 2020; Liu et al., 2020). SARS-CoV-2 enters host cells through binding of virus Spike protein (S) to ACE2 (Angiotensin-Converting Enzyme 2) receptor and activation of the virus by TMPRSS2 (Transmembrane Protease, serine 2). Interestingly, many other cells besides lung alveolar epithelial cells express ACE2 receptors, including heart, pancreas, GI tract, kidney, testis and other organs (Liu et al., 2020), thus making them a target for the virus. This is supported by studies demonstrating that virus can affect other tissues, including the heart (Sharma et al., 2020), vascular endothelial cells (Varga et al., 2020), kidney (Pelayo et al., 2020), liver (Amin, 2020) and the pancreas (Mukherjee et al., 2020; Pinte and Baicus, 2020; Tuttolomondo et al., 2020; Müller et al., 2021).

The pancreas, specifically the exocrine compartment (acinar and ductal cells), has high expression of ACE2 as analyzed by bulk RNA-seq data (GTEx database) and single-cell RNA-seq of the pancreas (NCBI-GEO database) (Liu et al., 2020). GTEx and TCGA (Genomic Data Commons Data Portal) datasets from human pancreas indicate no differences in ACE2 expression between males or females, as well as between younger (age ≤ 49 years) and older (age ≥ 49 years) populations (Li et al., 2020). In addition, recent findings have shown protein expression of ACE2 and TMPRSS2 in pancreatic cells from healthy humans, both in the endocrine and exocrine pancreas (Coate et al., 2020; Kusmartseva et al., 2020; Müller et al., 2021). Furthermore, few clinical reports provide evidence that some patients infected with SARS-CoV-2 who never presented pancreatic injuries show signs of acute pancreatitis-like symptoms, including elevated levels of serum amylase and lipase, and enlargement of the pancreas as seen in imaging evaluation (Kumaran et al., 2020; Liu et al., 2020). SARS-CoV-2 infection of the pancreas is certainly plausible as pancreatic ductal, acinar and islet cells express ACE2, so the virus could spread from the duodenal epithelium to the pancreas duct and then to acinar and islet cells. In fact, the virus was isolated easily from stool and from a pseudocyst of a COVID-19 patient with acute pancreatitis (de-Madaria and Capurso, 2021).

Acute pancreatitis is the major GI cause of hospitalization in the U.S.A., and despite the most common etiologies of this disease being related to gallstones and alcohol abuse, 10% of the cases are caused by infectious microorganisms including viruses (Rawla et al., 2017). Pertinent to the endocrine pancreas, it is now well-established that patients with type I (T1D) and II (T2D) diabetes have a higher risk for COVID-19 associated mortality, especially patients with associated comorbidities such as cardiovascular diseases and renal impairment, as indicated by a study with a large cohort of diabetic patients infected with SARS-CoV-2 (Holman et al., 2020). Diabetic patients (mostly T2D) infected with SARS-CoV-2 presented worse outcomes compared to non-diabetic patients, such as admission to the ICU, mechanical ventilation requirement and higher mortality rates (Apicella et al., 2020). These results were sustained by the in vitro evidence where replication of SARS-CoV-2 was demonstrated within pancreatic islet cultures, which led to impaired glucose-stimulated insulin secretion (Müller et al., 2021). Nevertheless, there is a paucity of knowledge whether and how SARS-CoV-2 can infect and impact the pancreas. This highlights the need for additional investigations to dissect and understand the potential influence of SARS-CoV-2 on human endocrine and exocrine pancreas.

Since primary human pancreatic cells are largely inaccessible and established cell lines do not fully represent human pancreas pathophysiology, we have developed novel methods to generate pancreatic progenitors from human induced pluripotent stem cells (iPSCs), which can be differentiated into endocrine (islet β-cells) and exocrine (acinar and ductal) cells. These cultures contain cells that are representative of human endocrine pancreas expressing endocrine NKX6.1 and C-peptide, exocrine acinar Amylase and Chymotrypsin (CTRC) and exocrine ductal Cytokeratin19 (CK19) and SOX9 cells. We show that iPSC-derived pancreatic cells including endocrine and exocrine cell types allow SARS-CoV-2 entry and establish infection, resulting in morphological perturbations as well as impaired expression of key markers. Importantly, these cellular phenotypes corresponded with inflammatory signatures. Infection of pancreatic tissue was also confirmed in post-mortem pancreatic tissues from COVID-19 patients. Thus, these results suggest the pancreatic cells can be directly infected by SARS-CoV-2. The iPSC-based model described here provides a valuable novel platform for understanding the pancreas-specific cellular responses to SARS-CoV-2 as well as for antiviral drug development against SARS-CoV-2.



Methods


Human iPSC Culture

The induced pluripotent stem cell (iPSC) line, CS0007iCTR-n7, utilized in this study was generated from a healthy volunteer at the iPSC Core at Cedars-Sinai Medical Center from the peripheral blood mononuclear cells (PMBCs) utilizing non-integrating oriP/EBNA1-based episomal plasmid vectors, as described in (Rajamani et al., 2018). This approach results in highly cytogenetically stable iPSCs as tested by G-band karyotyping. All undifferentiated iPSCs were maintained in mTeSR+ media (StemCell Technologies, Cat 05825) onto BD Matrigel™ matrix-coated plates.



Generation of iPSC-differentiated Pancreatic Progenitors.

iPSCs were single-cell dissociated using Accutase and plated onto Matrigel-coated plates at a density of 300,000 cells/cm2 using mTeSR+ and 10 µM Rho kinase Inhibitor (Stem Cell Tech). The following day, cells were directed into Definitive Endoderm (DE) using Phase I medium, which was composed of base medium MCDB 131 (Fisher Sci) supplemented with 100 ng/ml Activin A (R&D), 2 µM CHIR99021 (Stemgent), and 10 µM Rho kinase Inhibitor (Stem Cell Tech.) for 1 day. For the next two days, the same base medium was used, but supplemented instead with 100 ng/mL Activin A and 5 ng/mL FGF2 (Peprotech). Following this phase, cells were directed to form Posterior Foregut (PFG) using Phase II medium, which was composed of the same base medium as Phase I but supplemented with 50 ng/mL FGF10 (Peprotech), 0.25 µM CHIR99021 and 50 ng/ml Noggin (Peprotech), for 2 days. To reach a Pancreatic Progenitor (PP) stage, cells were fed with Phase III medium, which was composed of DMEM supplemented with 50 ng/mL Noggin, 50 ng/mL FGF10, 2 µM Retinoic Acid (Sigma), and 0.25 µM SANT1 (Sigma), for four days. More details about base medium formulation are described at Supplementary Table 1. This protocol was based on a published protocol to differentiate iPSCs into Pancreatic Progenitors (Memon et al., 2018).



Generation of iPSC-Differentiated Pancreatic Endocrine (iPanENDO), Acinar (iPanEXO Acinar), and Ductal (iPanEXO Ductal) Cells

To generate iPanEXO Ductal cells, on Day 7 of differentiation, cells were single cell dissociated and seeded at 103.1k cells/cm2 in Phase III medium supplemented with 10 µM Rho kinase Inhibitor on a Matrigel-coated plate. From Day 8 to Day 26, cells were grown in iPanEXO Ductal phase media, which consisted of Phase III base medium supplemented with 25 ng/ml FGF10, 50 ng/ml EGF (Peprotech), and 25 ng/ml sDLL-1 (Peprotech). To generate iPanENDO and iPanEXO Acinar cells, based on Hohwieler et al. (2017) protocol, after 4 days of Phase III media, PPs were fed with Phase III base medium supplemented with 20 ng/mL FGF10, 1µM XXI (Sigma Aldrich), 50 ng/mL Noggin, 10 mM Nicotinamide (Sigma-Aldrich), and 25 ng/mL Wnt3a (Peprotech) for seven days, daily feeding (Hohwieler et al., 2017). More details about base medium formulation are described at Supplementary Table 1.



Generation and Maintenance of iPanEXO Organoid Cultures

On the last day of Phase III, PPs were roughly dissociated via scraping and trituration. They were centrifuged at 170 x G for 3 minutes, and then resuspended with a solution composed of Phase III medium and Matrigel at a 1:4 ratio (1 of medium and 4 of Matrigel). 30 µL of this solution with cells was plated into each well of a 96 round bottom plate and then incubated at 37°C for 20 minutes, before the plate was flipped upside down for 10 minutes. 100 µL of Phase III base medium supplemented with 20 ng/mL FGF10, 50 ng/mL Noggin, 10 mM Nicotinamide, and 25 ng/mL Wnt3a was then added to the cells. Cells were fed every other day with the same media until Day 57 or when organoids contained lumen and were at least 150 µm large.



SARS-CoV-2 Stock

SARS-CoV-2, isolate USA-WA1/2020, was obtained from the Biodefense and Emerging Infections (BEI) Resources of the National Institute of Allergy and Infectious Diseases (NIAID). Importantly, all studies involving SARS-CoV-2 infection of iPSC-derived pancreatic cells were conducted within a Biosafety Level 3 high containment facility at UCLA. SARS-CoV-2 was passed once in Vero-E6 cells and viral stocks were aliquoted and stored at – 80°C. Virus titer was measured in Vero-E6 cells by TCID50 assay. Vero-E6 cells were cultured in DMEM growth media containing 10% FBS, 2 mM glutamine, pen/step, and 10 mM HEPES. Cells were incubated at 37°C with 5% CO2.



SARS-CoV-2 Infection of iPSC-Derived Pancreatic (iPan) Cultures

SARS-CoV-2 viral inoculum (MOI of 0.05 and 0.1) was prepared using acinar or ductal cell specific media. Human iPSCs were differentiated into iPSC-derived pancreatic (iPan) cultures containing iPanENDO, iPanEXO Acinar and iPanEXO Ductal cells in 96-well or 24-well plates before infection as detailed above, and the culture media at Day 26 of differentiation for iPanEXO Ductal and Day 16 for iPanEXO Acinar were replaced with 100 μl of prepared inoculum. For mock infection, cell type specific media (100 μl/well) alone was added. The inoculated plates were incubated for 1 hour at 37°C with 5% CO2. At the end of incubation, the inoculum was replaced with fresh iPanEXO Acinar or iPanEXO Ductal culture medium. Cells remained at 37°C with 5% CO2 for 24 hours (Day 1) or 72 hours (Day 3) before analysis. All studies involving active SARS-CoV-2 infection of iPSC-derived pancreatic cell cultures were conducted within a Biosafety Level 3 facility at University of California in Los Angeles (UCLA), CA, USA.



Immunofluorescence and Imaging of Cells

Cells subjected to immunofluorescence were fixed with 4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS) for 20 minutes and subsequently washed with PBS. Fixed cells were then permeabilized and blocked for 1 hour in a blocking buffer containing PBS with 10% donkey serum (Millipore) and 0.1% Triton-X (Bio-Rad). Primary antibodies were diluted in the blocking buffer and added to the cells overnight at 4°C. The following primary antibodies and dilutions were used: SARS Coronavirus (1:400, NR-10361, BEI Resources), SARS-CoV-2 Spike S1 (1:100, 40150-R007, SinoBiological), eCAD (1:100, AF68, R&D Systems), MIST1 (1:100, MA1517, Invitrogen), CK19 (1:100, PIMA512663, Thermofisher), SOX9 (1:250, AB5535, Millipore), ACE2 (1:100, AB15348, abcam), Chymotrypsin (1:100, MAB1476, Millipore), TMPRSS2 (1:250, AB92323, Abcam) and Amylase (1:100, A8273, Sigma). After washing using PBS with 0.1% Tween-20 (ThermoFisher), cells were incubated with appropriate species-specific Alexa Fluor-conjugated secondary antibodies (ThermoFisher) diluted in a blocking buffer (1:1,000) for 1 hour at room temperature. After washing in PBS with 0.1% Tween-20, cells were incubated in Hoechst 33342 diluted in PBS (1:2,500) for 15 min. Immunofluorescence images were visualized using appropriate fluorescent filters using ImageXpress Micro XLS (Molecular Devices) and analyzed using ImageJ Software. Image quantification was performed using CellProfiler Software (v3.1.9).



Real-Time qPCR

Relative gene expression was quantified using RT-qPCR. For this, cells were washed with PBS to remove any possible remaining viral inoculum and the total RNA was isolated with RLT (Qiagen). RNA was then extracted with RNeasy Micro Kit (Qiagen) according to the manufacturer’s instructions. The concentration of RNA was determined by spectrophotometric analysis (Qubit 4 Fluorometer, ThermoFisher) and the purity with NanoDrop (ThermoFisher); all samples had a A260/280 ratio around 2.0 (Desjardins and Conklin, 2010). After, RNA (1 μg) was reverse transcribed to cDNA with oligo(dT) using the High Capacity cDNA Reverse Transcription kit (ThermoFisher). Real-time qPCR was performed in triplicates using SsoAdvanced Universal SYBR Green Supermix (Biorad) and specific primer sequences to each gene (Supplementary Table 2), on a CFX384 Real Time system (Bio-Rad). Human RPL13 was used as the reference gene and relative expression was determined using 2-ΔΔ Ct method.



Post-Mortem Human Pancreatic Tissues


a) Real-Time qPCR From Snap-Frozen Tissues

Post-mortem pancreatic samples were isolated from the head of the pancreas (preferably) from patients that were infected with SARS-CoV-2 and passed from complications related to the disease (COVID-19 patients), or patients that were not infected with SARS-CoV-2 and passed from complications not related to it (Control patients). These samples were isolated 1-3 days after the patient’s death and were snap-frozen in liquid nitrogen. Samples were stored for longer in -80 °C before used for RNA extraction. For RNA isolation, Trizol (Thermo) was used and for RNA extraction, RNeasy Mini Kit (Qiagen) was used according to the manufacturer’s instructions. The concentration of RNA was determined by spectrophotometric analysis (Qubit 4 Fluorometer) and the purity with NanoDrop, as described above; all samples had a A260/280 ratio around 2.0. After, RNA (2 μg) was reverse transcribed to cDNA with oligo(dT) using the High Capacity cDNA Reverse Transcription kit. Real-time qPCR was performed in triplicates using SsoAdvanced Universal SYBR Green Supermix (Bio-Rad) and specific primer sequences to each gene can be found in Supplementary Table 3. qPCR was performed on a CFX384 Real Time system. Human β-ACTIN was used as the reference gene and relative expression was determined using 2-ΔΔ Ct method.



b) Immunohistochemistry From Paraffin Embedded Tissues

Pancreatic tissues were fixed in 10% formalin and then paraffin embedded. Blocks were sectioned at 4 µm thickness and mounted at microscope slides (Superfrost Plus microscope slides, Fisher). Slides were washed 2x in Xylene for 10 minutes each. This was followed by 2x 5-minute washes with 100% ethyl alcohol, 1x 3-minute wash with 95% ethyl alcohol, and 1x 3-minute wash with 75% alcohol for rehydration. They were then washed 3x with PBS for 5 minutes before beginning antigen retrieval. Samples were submerged in 10mM pH 6.0 sodium citrate Buffer, and then microwaved for 10 minutes at 80% power. Once cooled at room temperature for one hour, they were washed 3x for 5 minutes each with PBS. Samples were blocked for 2 hours in the same blocking buffer as mentioned above (PBS with 10% donkey serum and 0.1% Triton-X). Samples were incubated 4°C overnight with primary antibodies in the same concentrations as mentioned above. The following day, they were washed 3x for 10 minutes each in PBS, incubated one hour at room temperature with the secondary antibodies at concentrations of 1:1000, and then finally washed 3x for 10 minutes each before mounted with ProLong™ Gold Antifade Mountant with DAPI (Invitrogen).




RNA Sequencing (RNASeq)


a) RNA Extraction and Sequencing

RNA was extracted from pelleted cells using RNeasy Micro Kit (Qiagen) and was prepared for sequencing with the Illumina TruSeq Stranded mRNA library preparation kit (Illumina, San Diego, CA) by the Cedars-Sinai Applied Genomics, Computation, and Translational Core. Concentration and quality of RNA was assessed on a Qubit fluorometer (ThermoFisher Scientific, Waltham, MA) and 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA) respectively. Complementary DNA was reverse transcribed using Invitrogen’s Reverse Transcriptase kit (Carlsbad, CA) and converted into double-stranded DNA (dsDNA). The dsDNA was then enriched using PCR before purification with Agencourt AMPure XP beads (Beckman Coulter, Brea, CA). The enriched purified DNA was then quantified and resolved via Qubit and Bioanalyzer. Sample libraries were then multiplexed and sequenced on Illumina’s NextSeq 500 platform (San Diego, CA) using 75 bp single-end sequencing.



b) Analysis

Raw reads were quantified by mapping them with the STAR aligner (version 2.5.0) (Dobin et al., 2013)/RSEM (version 1.2.25) (Li and Dewey, 2011) to the GRCh38 human reference transcriptome based on human GENCODE version 33 (www.gencodegenes.org) as well as the GenBank: MT246667.1 SARS-CoV-2 reference viral genome. Expression tables were post-processed with a custom R script that filtered out non-coding RNA based on the transcript biotype assigned by biomaRt. Initial analyses were performed on the BioJupies platform. Principal Component Analysis was then performed in R using the prcomp package. Differential expression tables were calculated in R using the DESeq2 package. Differential expression tables were used to plot heatmaps and volcano plots in ggplot. Enrichment analysis was performed by uploading the top 500 upregulated and downregulated transcripts to the Enrichr gene enrichment analysis portal (Chen et al., 2013; Kuleshov et al., 2016). Enrichment results of interest (including Gene Ontology enrichment and COVID-related gene enrichment) were exported from Enrichr as text files and imported into R for plotting using ggplot. All analysis and plotting scripts in R are available on github.com at github.com/Sareen-Lab/COVID. Gene transcript tables as well as the original FASTQ files are available through NCBI’s GEO database at accession number GSE165890.




Statistical Analyses

Data are presented as mean ± standard error of the mean (SEM). Statistical significance between groups was determined by One-way ANOVA followed by Dunnet post-test. Two-tailed paired Student’s test was used as appropriate. P values <.05 were considered statistically significant. Statistical analyses and graphs were generated using GraphPad Prism 7 for Windows Software (GraphPad Software).




Results


iPSC-Derived Pancreatic Cells Exhibit ACE2 and TMPRSS2 Expression

Human iPSCs were differentiated into pancreatic adherent (2D) and organoid (3D) cultures. Protocols for differentiation after the pancreatic progenitor stage were directed to bias the cell fate of the cultures containing either exocrine acinar cells (iPanEXO Acinar) or exocrine ductal cells (iPanEXO Ductal). iPanEXO Acinar cultures express some markers that are characteristic of mature acinar cultures such as cytoplasmic staining of digestive enzymes Amylase (AMY) and Chymotrypsin C (CTRC), and greater staining of nuclear transcription factor MIST1, which is characteristic of acinar cells that are not fully mature. In these cultures, cells that are AMY- are MIST1+, which indicates we have mixed cultures of acinar progenitor and mature cells. Acinar cultures also contain some C-peptide expressing endocrine islet β-cells (iPanENDO). iPanEXO Ductal cultures express cytoskeletal staining of Cytokeratin 19 (CK19). Interestingly, both AMY+ iPanEXO Acinar and CK19+ iPanEXO Ductal cultures exhibit ACE2 and TMPRSS2 protein expression (Figures 1A, B), which play a critical part in allowing SARS-CoV-2 cell entry (Hoffmann et al., 2020). Notably, while co-expression is seen, not all C-peptide+ cells express ACE2 (Figure 1C), and this seems to be consistent with current literature, which shows lower ACE2 expression in endocrine cells (Coate et al., 2020; Kusmartseva et al., 2020). ACE2 and TMPRSS2 gene expression was also measured in iPSC-derived pancreatic cultures. As a negative control, pluripotent iPS cells were used, while cadaveric pancreatic acinar tissues, human pancreatic duct epithelium cell line H6C7, and lung tissues from healthy donors were used as positive controls. Human iPSC-derived neurons were also included as the brain-derived neural tissue lacks ACE2 expression (Lonsdale et al., 2013; Carithers et al., 2015). The results show that cadaveric pancreatic acinar tissues and immortalized human pancreatic duct epithelium cell line H6C7 have high ACE2 expression. Relative to iPSCs, iPanEXO Acinar and iPanEXO Ductal cultures also contain significantly higher levels of ACE2. There is also a significantly higher expression of TMPRSS2 in iPanEXO Acinar and human acinar tissues, with low levels in iPanEXO Ductal cells (Figure 1D). It is known that occasionally different normal and diseased tissues can be differently correlated in their protein and gene expression and there can be some discordance between protein and gene expression for a subset of genes within pancreas (Kosti et al., 2016). Differentiated iPanEXO 3D organoids also show co-localization of ACE2 protein along with acinar and ductal markers (Supplementary Figure 1).




Figure 1 | Expression of ACE2 and TMPRSS2 in exocrine pancreatic cells. (A) iPanEXO Ductal cells CK19 (red) exhibiting i. ACE2 (green) and ii. TMPRSS2 (green) expression. (B) iPanEXO Acinar cells Amylase (red), MIST1 (gray) exhibit i. ACE2 (green) expression and ii. iPanEXO Acinar CTRC (red) exhibit TMPRSS2 (green). (C) iPanEXO Acinar and iPanENDO cultures contain some endocrine C-peptide expressing cells, which also co-stain with ACE2. (D) iPSC-derived pancreatic exocrine cells as well as human acinar tissues and human ductal cell line H6C7 express ACE2 and TMPRSS2. Data is shown as mean ± SEM with statistical significance determined by unpaired two-tailed t-test. **p < 0.01 and ****p < 0.0001. Scale bar represents 100 µm, and 20 µm for zoomed panels adjacent to main images. ICC images shown here are representative results from 27 independent sites acquired. RNA was extracted from aggregates of 2-3 biological replicates (using 12 well-plates), and qPCR was run with 3 technical replicates per sample. These results were pooled from 2 independent rounds of infection experiments.





SARS-CoV-2 Can Directly Infect iPanEXO Ductal Cultures and Elicit Abnormal Cellular Phenotypes

After 26 days of pancreatic ductal differentiation starting from iPSCs, cultures were infected with SARS-CoV-2 at a multiplicity of infection (MOI) 0.05 and 0.1, and cells were collected for analysis after one day (Day 1) or after three days (Day 3) (Figure 2A). These MOIs allowed for establishing de novo infection and active viral replication for the viral kinetics studies. The mock condition was treated with ductal media with no virus. MOI 0.05 infection shows 4% and 19% of cells infected with SARS-CoV-2 on Day 1 and Day 3 respectively, while MOI 0.1 infection shows 10% and 19% of infected cells, respectively (Figure 2B), showing viral infectivity increased from Day 1 to Day 3 in both MOIs. Although more cells got infected from Day 1 to Day 3, less cells were observed in culture comparing infected cultures with uninfected cultures, which suggests that the virus possibly decreased cell viability (data not shown). As expected, the mock condition has negative SARS-CoV-2-Spike S1 staining (Figure 2B). RT-qPCR for SARS-CoV-2 nucleocapsid gene N1 shows SARS-CoV-2 mRNA production increased in the infected conditions compared to mock condition as seen in Figure 2C. Thus, iPSC-derived pancreatic cultures allow SARS-CoV-2 entry and establish infection.




Figure 2 | SARS-CoV-2 can infect iPanEXO Ductal Cells. (A) Differentiation scheme of pancreatic ductal cells and infection of SARS-CoV-2 on Day 26. (B) Immunocytochemistry staining of SARS-(S) at Day 1 and Day 3 (Scale bar is 200 µm). (C) RT-qPCR showing upregulation of SARS-CoV-2 N1 from mock to infected cells at different days. Data is shown as mean ± SEM with statistical significance determined by unpaired two-tailed t-test. *p < 0.05, **p < 0.01, ****p < 0.0001. Scale bar represents 200 µm. ICC images shown here are representative results from 36 independent sites acquired. RNA was extracted from aggregates of 6-15 biological replicates (using 96 well-plates), and qPCR was run in 3 technical replicates per sample. These results were pooled from 2 independent rounds of infection experiments.



SOX9 is a well-established nuclear transcription factor involved in determining ductal specification from pancreatic progenitors. Interestingly, SARS-CoV-2 positive cells in the infected iPanEXO Ductal cultures at both MOIs show a more enlarged cellular morphology as observed by CK19 and SOX9 staining pattern (Figure 3A) and abnormal cytoplasmic SOX9 localization instead of the typical nuclear localization observed in normal ductal cells as evident in the mock condition and uninfected cells (Figure 3B). In fact, we observe a higher number of ductal cells with mislocalization of SOX9 in the cytoplasm of infected cells at both Day 1 and Day 3 compared with mock cells, and both MOIs seem to have a similar pattern of mislocalization (no statistical difference between MOIs in both Day 1 and Day 3) (Figure 3C). Meanwhile, CK19 is present across all treatments and timepoints, with no obvious differences in staining localization of the infected population. ACE2 expression is observed in Day 3 cells with no distinct differences between mock and MOI 0.05 and 0.1 conditions (Supplementary Figure 2). CK19+ ductal cells become multinucleated when infected with SARS-CoV-2 (MOI 0.1), while uninfected ductal cells remain mononucleated (Mock) (Figure 3D). This phenomenon has been described as syncytia formation, the fusion of multiple mononucleated cells, and known to amplify apoptotic signals in response to viral infection (Scheller and Jassoy, 2001; Salsman et al., 2005; Nardacci et al., 2015). In MOI 0.1 treatment of Day 3 culture, the percentage of multinucleated infected ductal cells is 81.6%, which is significantly higher than the percentage of multinucleated non-infected ductal cells, 12.2% (Figure 3E).




Figure 3 | SARS-CoV-2 elicits abnormal cellular phenotypes in iPanEXO Ductal cultures. (A) Day 1 and Day 3 of post infected iPanEXO Ductal cells. Immunocytochemistry staining of ductal cell markers CK19 (red), SOX9 (gray), and SARS-CoV-2 infected cells (green) on Day 1 and Day 3 with varying titers of virus (Mock, MOI 0.05, and 0.1). (B) SOX9 translocation in infected cells. (Scale bar is 200 µm). (C) Histogram is showing the ratio of cells with mis localized cytoplasmic SOX9 over total nuclear SOX9 positive cells in the culture, comparing mock vs SARS-CoV-2 infected ductal cultures at MOI 0.05 and 0.1. Data is shown as mean ± SEM with statistical significance determined by unpaired two-tailed t-test. *p < 0.05. Scale bar represents 200 µm. Zoomed panels adjacent to main images are 2.3x larger. ICC images shown here are representative results from 36 independent sites acquired. These results were pooled from 2 independent rounds of infection experiments. (D) Immunocytochemistry staining of SARS-(S) at Day 3 Mock and MOI 0.1. Zoom in panels indicate mononucleated SARS- CK19+ cell (green box) and multinucleated SARS+ CK19+ cell (red box). Scale bar represents 200 µm. ICC images shown here are representative results from 9 independent sites acquired. (E) Histogram is showing the percentage of multinucleated cells in non-infected SARS- CK19+ population and infected SARS+ CK19+ population. Data is shown as mean ± SEM with statistical significance determined by unpaired two-tailed t-test. ****p < 0.0001.





SARS-CoV-2 Can Infect iPanEXO Acinar and iPanENDO Cells Resulting in Activation of Proinflammatory Genes

iPanEXO Acinar cultures containing predominantly Chymotrypsin C (CTRC) and Amylase (AMY) positive cells and few iPanENDO C-peptide positive islet β-cells were differentiated for 16 days before being infected with SARS-CoV-2 at a MOI of 0.1. A separate mock condition was cultured in parallel and not infected. Like the iPanEXO Ductal cultures, infected and uninfected cultures were fixed or lysed after one day or three days of infection (Figure 4A). CTRC-positive cells, which have a granular morphology that likely reflects zymogen granule formation, showed direct infection by SARS-CoV-2 (Figure 4B). Interestingly, a subpopulation of SARS-CoV-2 positive cells in these cultures were also C-peptide positive (Supplementary Figure 3). On Day 1 post-infection, 0.63% of total cells were infected, which increased to 1.12% by Day 3. For both days, the difference in percentage of infected cells was statistically significant compared to mock condition (Figure 4C), which was similarly seen on mRNA level by RT-qPCR for SARS-CoV-2 nucleocapsid gene N1, showing high mRNA production of SARS-CoV-2 in the infected conditions (Figure 4D).




Figure 4 | iPanEXO Acinar cultures can be infected with SARS-CoV-2 and result in upregulation of some proinflammatory genes. (A) Differentiation and infection timeline for the iPanEXO Acinar cells. Cells were grown 16 days before being infected. Cells were fixed or lysed on the first and third days of infection. (B) Immunocytochemistry staining of SARS-(S) on Day 1 and 3 of mock and infected cells. (C) Quantification of immunocytochemistry images shows significant increase in SARS-(S) positive cells in the population treated with the virus at MOI 0.1. (D) qPCR shows upregulation of SARS-CoV-2 N1 in infected cells. (E) qPCR of inflammation markers CXCL12, NFKB1, and STAT3 show significant upregulation between mock and infected cells on day 3 of infection. Data is shown as mean ± SEM with statistical significance determined by unpaired two-tailed t-test. *p < 0.05, **p < 0.01, ***p < 0.001. Scale bar represents 130 µm, and 10 µm for zoomed panels adjacent to main images. ICC images shown here are representative results from 27 independent sites acquired. RNA was extracted from an aggregate of 6-16 biological replicates (using 96-well plates), and qPCR was run in 3 technical replicates per sample. These results were pooled from 2 independent rounds of infection experiments.



To investigate whether SARS-CoV-2 infection perturbed the inflammatory pathway, multiple genes known to be associated with pancreatitis-related inflammation were assessed using RT-qPCR. Among those, the genes CXCL12, NFKB1, and STAT3 showed significant upregulation at Day 3 in infected cells compared to mock condition (Figure 4E), while no significant change was observed on infected cells by Day 1 compared to the mock condition (Supplementary Figure 4). No significant change in expression was seen on other inflammatory markers, such as IL1B and TNFA, on both days (Supplementary Figure 4).



Transcriptional Analysis of SARS-CoV-2 Infected iPSC-Derived Pancreatic Cultures Demonstrates Viral and Pancreas-Specific COVID-19 Associated Disease Signatures

The iPan cultures containing iPanEXO Acinar and iPanENDO cells infected with 0.1 MOI SARS-CoV-2 were harvested on Day 1 and Day 3 post-infection for transcriptomic analysis after mRNA sequencing, as well as cells that were not infected (mock conditions). After mapping genomic reads in infected cultures, mapped reads were detected from the SARS-CoV-2 genome that confirm active SARS-CoV-2 viral replication within infected cultures (Supplementary Table 3). Principal component analysis (PCA) of Day 1 and Day 3 infected cultures demonstrated that 37.9% and 41.1% of the variance in the gene expression differences could be attributed to principal component 1 (PC1) in Day 1 and Day 3 infected cultures, respectively (Figure 5A). Both PCA and the heatmaps of differentially expressed genes clearly demonstrated transcriptomic clustering of samples in either the mock or infected condition in both days (Figure 5B). Upon further interrogation of the Day 3 data, SARS-CoV-2 infection induced significant pancreas-specific gene expression changes within iPSC-derived pancreatic cultures including upregulation of PDX1, INS, GCG, CHGA, CFTR, IGFBP7 and GHRL and downregulation of genes involved in cellular secretory pathway such as GOLGA8A and GOLGA8B. Significant changes in expression of chemokine and immunomodulatory genes were detected. Most were upregulated such as PTGES, MIF, CCR7, CXCL6 and CXCL12, which encodes immune cytokines known to be transcriptionally upregulated during SARS-CoV infection. Similarly, genes reflecting pathogenic interaction and antiviral responses in host cells such as THOC1, TRIM28, CD37, TRAF3IP1, DDX17, NCBP3, HYAL2, were also perturbed (Supplementary Table 4). Gene enrichment analysis comparing the 500 genes most upregulated in infected day 3 samples to Gene Ontology’s Biological Process database identified several biological processes that contained a high number of genes found among those upregulated in our infected sample. These included the “[Signal Recognition Particle]-dependent cotranslational protein targeting to membranes” process, the “protein targeting to ER” process, and several processes associated with viral infection (Figure 6A) consisting of mainly ribosomal complex large and small subunit genes. This is consistent with the idea that SARS-CoV-2 like many other viruses requires recruitment of a variety of host cell factors including ribosomal proteins to participate in viral protein biosynthesis, in order to survive, accumulate and propagate in the pancreatic cells. A gene enrichment analysis comparing the 500 most downregulated genes in our samples to Gene Ontology’s cellular components data set found that the most significant cellular components that appear to be downregulated include nuclear body, nuclear specks and nucleoplasm (Figure 6B), which is also consistent with the downregulation of the specific nuclear pore complex (NPC) genes such as NPIPB3, 4, 5 (Figure 5C). Numerous viral pathogens have evolved different mechanisms to hijack the NPC in order to regulate trafficking of viral proteins, genomes and even capsids into and out of the nucleus thus promoting virus replication (Le Sage and Mouland, 2013). As expected, the cytosolic ribosomal units are the most significantly upregulated cellular component (Figure 6B). Performing the same gene enrichment analysis against NCBI’s COVID-19 associated transcripts dataset available on the Enrichr database (Kuleshov et al., 2020) identified several dozen downregulated genes classified as downregulated by SARS-CoV-2 in pancreatic organoids (Figure 6C). Taken together, these results indicate that SARS-CoV- 2 infection induces significant transcriptional changes within iPSC-derived pancreatic cultures.




Figure 5 | RNAseq analysis of infected iPanEXO cells on days 1 and 3 post infection. (A) Principal Component Analysis of infected and mock samples collected on day 1 and day 3, respectively. (B) Differentially Expressed Genes Heat map showing the relative expression levels of transcripts differentially expressed with adjusted p-values less than 0.01. (C) Volcano plot of the log10 adjusted p-value of each expressed transcript on day 3 versus the log2 fold change. Transcripts that did not demonstrate differential expression with an adjusted p-value of less than 0.05 and a log2 fold-change in either direction greater than 0.5 are plotted in grey. Those that did were sized proportionally to their mean expression level, and genes of interest have been labeled.






Figure 6 | RNAseq pathway and cellular component analysis of infected iPanEXO cells on day 3 post infection. (A) Enriched GO Biological Processes: Upregulated biological processes were predicted based on the statistical overrepresentation of upregulated transcripts. The 500 most upregulated genes were submitted to Enrichr, and the Biological Processes in the Gene Ontology database which contained a statistically unlikely fraction of upregulated transcripts were plotted based on the probability of the observed enrichment. The fraction of genes in the gene set which were present in the 500 transcripts under analysis are listed in blue text. (B) Enriched GO Cellular Component: Upregulated and downregulated cellular components were predicted based on the statistical over representation of transcripts associated with these components. Nuclear bodies were predicted to be downregulated based on the presence of 42 out of 618 genes associated with this component in the list of 500 most downregulated transcripts in day 3 infected samples. Cytosolic ribosomes were predicted to be upregulated based on the presence of 31 out of 124 genes associated with this component among the 500 most upregulated transcripts on day 3 when compared to the Gene Expression Omnibus’ cellular component gene sets (Barrett et al., 2013) (C) Enriched COVID19-associated transcripts: Gene sets identified as potentially similar to day 3 infected samples were plotted based on the statistical overrepresentation of the top 500 upregulated and downregulated transcripts.





Post-Mortem Human Pancreatic Tissues From COVID-19 Patients Show Infectivity and Perturbed Expression of Pancreatic Genes

Post-mortem human pancreatic samples were obtained from individuals who succumbed from complications related to COVID-19 infection (COVID-19 patients) or from those who were not infected by SARS-CoV-2 and were deceased due to complications unrelated to COVID-19 (Control patients). Samples were processed for immunohistochemistry of SARS-CoV-2-Spike S1 and pancreatic markers or processed for analysis of changes in gene expression. As shown in Figures 7A-C, SARS-CoV-2-S was detected in pancreas of COVID-19 patients, demonstrating the susceptibility of the human pancreas to the virus. To better understand which cell types were infected by SARS-CoV-2 in the pancreas, cells were stained for specific endocrine and exocrine markers, such as Amylase and Chymotrypsin (CTRC) for acinar cells, Cytokeratin 19 (CK19) for ductal cells, and C-peptide for endocrine islet β-cells. Interestingly, many of the pancreatic cell types tested here co-localized with SARS-CoV-2-S. The virus was present in the majority of the CTRC+ and some clusters of Amylase+ cells (Figures 7A, B). However, SARS-CoV-2-S was not detected in ductal CK19+ cells (Supplementary Figure 5) in the limited set of histology specimens from COVD19 patients examined. In the pancreatic endocrine compartment, interestingly, SARS-CoV-2 staining was frequently concentrated in C-Peptide+ islet clusters (Figure 7C).




Figure 7 | Post-mortem human pancreas shows SARS-CoV-2 infectivity and co-localization with multiple pancreatic cell types. Immunohistochemistry results from pancreatic tissues of patients with COVID-19 show SARS-CoV-2-Spike S1 staining in green and pancreatic acinar markers in red, such as (A) ii. Chymotrypsin, (B) ii. Amylase; and pancreatic endocrine marker (C) ii. C-peptide. (A–C) i. Corresponding sets of staining on non-COVID patients indicate no SARS-CoV-2-Spike S1 staining. (D) Pancreatic tissues from COVID-19 patients (n=5) and Control subjects (n=6) were utilized for RNA extraction. Real-time qPCR results show increased mRNA expression of ductal markers CA2, CFTR, KRT19 and CFTR. Data is shown as mean ± SEM with statistical significance determined by unpaired two-tailed t-test. *p < 0.05. Scale bar represents 50 µM. IHC was performed in 3 non-COVID controls and 3 COVID patients. The results shown here are representative results from 3-10 independent sites acquired per patient. RNA was extracted from 6 non-COVID controls and 5 COVID patients, and qPCR was run in 3 technical replicates per sample.



To examine whether the infected pancreatic tissues from COVID-19 patients may have differential expression of specific genes, snap-frozen post-mortem tissues from COVID-19 patients and Control subjects were assessed changes in expression of pancreas-specific genes. Interestingly, mRNA expression of ductal markers was increased in the COVID-19 samples, such as KRT19, CFTR, CA2, and HNF1B as seen in Figure 7D. Other pancreatic and inflammatory markers were also tested and although showed trends of perturbations, they were not statistically different between the groups likely due to the higher variability in this subset of COVID-19 patients (Supplementary Figure 6). These results from COVID-19 and Control human tissues corroborate our novel results in iPan cell cultures, where we show that both pancreatic endocrine and exocrine cells can be infected by SARS-CoV-2, and the infection causes perturbations in pancreas-specific genes and the pancreatic cellular machinery.




Discussion

In this novel study, by observing gene and protein expression in live human iPSC-derived pancreatic cultures and post-mortem pancreatic tissue from COVID-19 patients, we have described the ability of SARS-CoV-2 to infect pancreatic cells. Both approaches indicated that endocrine islets and exocrine acinar and ductal cells within the pancreas allow SARS-CoV-2 entry and establish infection. These cell types are known to express the ACE2 and TMPRSS2 transmembrane proteins recognized as the entry points for SARS-CoV-2 (Coate et al., 2020; Shang et al., 2020; Verdecchia et al., 2020; Müller et al., 2021). In our iPSC-derived pancreatic models, ACE2 and TMPRSS2 expression was observed in both acinar and ductal cells. These cultures also presented C-peptide+ cells, and some of these endocrine cells expressed ACE2. Interestingly, recent clinical findings suggested pancreatic dysfunction following SARS-CoV-2 infection in COVID-19 patients (Apicella et al., 2020; Kusmartseva et al., 2020; Li et al., 2020; Liu et al., 2020). The iPSC-derived pancreatic cultures tested here were actively infected by SARS-CoV-2, as demonstrated by viral antigen expression and genomic replication. The cell culture observations were supported by similar results in post-mortem pancreatic tissues from COVID-19 patients. SARS-CoV-2-S protein was expressed in the pancreas of infected patients, specifically co-localizing in exocrine acinar cells and endocrine β-cells. Although we observed SARS-CoV-2-S protein expression in CK19+ ductal cells in culture and not in CK19+ cells from the limited set of post-mortem human pancreatic tissues of COVID-19 patients, a recent study did observe SARS-CoV-2-N protein expression in CK19+ ductal cells in human tissues, suggesting some extent SARS-CoV-2 infection is possible in human pancreatic ductal compartment (Müller et al., 2021). It is likely that there is some level of variability in susceptibility pancreatic ductal infection between patients that could be related to timing of virus infection their mortality. Interestingly, we also observed SARS-CoV-2 infection in endocrine cells both in vitro and in post-mortem human tissues, and this was also observed by (Müller et al., 2021), where the infection of endocrine cells in vitro led to malfunction of cells and decreased glucose-stimulated insulin secretion. This is notable given that diabetes and related complications are considered independent risk factors associated with higher mortality rates in COVID-19 (Holman et al., 2020).

Upon assessing cellular and molecular perturbations in iPSC-derived pancreatic cultures, it was observed that SARS-CoV-2 infected ductal cells in culture were enlarged and the nuclear compartmentalization of the ductal-specific transcription factor SOX9, which is typically observed in normal ductal cells, was absent. Instead, a cytoplasmic staining pattern, suggesting a mislocalization of SOX9 as a potential indicator of cellular stress imposed by the virus in infected cells (Chakravarty et al., 2011). The elongated morphology of the infected ductal cells is also a feature that is common in cancerous or inflamed epithelial cells converting to fibrotic cells undergoing a dynamic process known as epithelial-mesenchymal transition (EMT) (Kalluri and Weinberg, 2009; Krantz et al., 2012). Furthermore, SARS-CoV-2 infected pancreatic cultures exhibit a large percentage of multinucleated fused CK19+ cells, a phenomenon described as syncytia formation; the fusion of multiple ACE2+ cells upon SARS-CoV-2 infection (Buchrieser et al., 2020). The histology of 41 lung samples from COVID-19 patients show that 87% of them display dysmorphic pneumocytes with syncytia (Bussani et al., 2020). In vitro studies have also shown syncytia formation in hiPSC-derived neurons, hiPSC-derived astrocytes, U2OS-ACE2, Vero-ACE2, and 293T-ACE2 after viral infection (Buchrieser et al., 2020; Wang et al., 2021; Zhang et al., 2021). Recent papers propose that a unique bi-arginine motif within the S1/S2 cleavage site of SARS-CoV-2 spike glycoprotein mediates the fusion of neighboring ACE2+ cells and formation of syncytia (Braga et al., 2021; Zhang et al., 2021). Furthermore, previous studies have found that syncytia mediated by SARS-CoV-2 as well as other viruses such as human immunodeficiency virus-1 (HIV-1) and reovirus-associated FAST proteins can lead to apoptosis (Scheller and Jassoy, 2001; Salsman et al., 2005; Nardacci et al., 2015; Buchrieser et al., 2020), This suggests that apoptosis in virus infected cultures becomes exacerbated via syncytia formation and cytopathy affects can be alleviated by targeting the relevant downstream processes specific to that cell type and virus. Pancreatic tissues from COVID-19 patients showed perturbation with upregulation of key ductal genes such as KRT19, CA2 and CFTR. Increased KRT19 expression is associated with pancreas-specific intracellular stress in patients with poor prognosis of pancreatic ductal adenocarcinoma (PDAC) (Yao et al., 2017). Cytoskeletal protein responses are known to be dysregulated under conditions of intracellular stress imposed by a viral infection and similar disturbances have also been reported to be an important in both immune and adaptive immunity (Kopecki et al., 2016; Ong et al., 2020) Yet, further elucidation of the mechanisms of pancreatic injury involved in response to the SARS-CoV-2 infection in pancreatic ductal cells is necessary. Granular morphology was noted in all SARS-CoV-2 positive cells and could be representative of viral replication and transportation occurring in membrane vesicles. This would be consistent with previous findings that SARS-CoV-2 associates with the host endo membrane system, with 40% of SARS-CoV-2-interacting proteins having functions in the endomembrane system (Gordon et al., 2020).

In infected acinar cell cultures, the gene CXCL12 was upregulated. This gene, in particular, was found expressed ten-fold in blood plasma by (Xu et al., 2020), and is consistent with the overexpression of similar cytokines and chemokines widely seen during the cytokine storm frequently observed in COVID-19 patients (Coperchini et al., 2020; Song et al., 2020). Although CXCL12 seems to promote tumor invasion, proliferation, angiogenesis, epithelial to mesenchymal transition and metastasis in pancreatic cancer (Righetti et al., 2019), its roles seem to be pleiotropic, and this could be due to the presence of at least six CXCL12 splicing isoforms, each with different roles (Righetti et al., 2019). To date, CXCL12 was reported to function as an anti-inflammatory chemokine during autoimmune inflammatory responses (Karin, 2010). In our SARS-CoV-2 infected iPSC-derived acinar cells, we believe CXCL12 could be playing either pro-inflammatory roles since other known pro-inflammatory transcription factors were also upregulated, such as NKFB1 and STAT3 (Ji et al., 2019), or a defensive anti-inflammatory defensive to viral infection. The mechanistic role of CXCL12 upon SARS-CoV-2 infection of pancreatic cultures needs to be further investigated.

Upon probing the pathways disrupted by SARS-CoV-2 upon infection of pancreatic cells, the most dramatic transcriptional change was the over-expression of transcriptional machinery and SRP-dependent protein-targeting processes. The transcripts contributing to these pathways were identified as hallmarks of viral replication by gene enrichment analysis. It has been previously reported that a common feature of coronaviruses is the use of virus-engineered double membrane vesicles from host cell components as a central site for viral RNA synthesis (Snijder et al., 2020; Wolff et al., 2020). The upregulation of SRP-protein targeting processes could be a reflection of host cell machinery being repurposed for viral replication. Conversely, the top three downregulated cellular components were nuclear. Other coronaviruses, including avian infectious bronchitis virus (IBV) and murine hepatitis virus (MHV), and SARS-CoV have been found to arrest cell cycle in the nucleus, leading to increased viral replication (Chen and Makino, 2004; Dove et al., 2006; Yuan et al., 2006). Our results for the most upregulated and downregulated transcripts within the COVID-19-related Drug and Gene Set Library aligned with that of other coronaviruses, particularly SARS-CoV and MHV, with the top two downregulated transcripts being SARS-CoV-2 related. Taken all together, our results suggest that SARS-CoV-2, like other coronaviruses, elicits similar transcript-level signatures to promote viral replication in pancreatic cells. Future studies are necessary to confirm these mechanistic implications of these findings.

With this study, we provide novel patient-specific models for future mechanistic studies of SARS-CoV-2 impact on the pancreas. This study supports the utility of iPSC-derived pancreatic cells as an excellent platform to explore the detrimental impacts of SARS-CoV-2 on pancreatic cells. Further, detailed studies are required to better understand and perhaps the 3D organoids and Organ-Chip systems can be utilized to explore the short-term and long-term detrimental effects SARS-CoV-2 has on the pancreas.
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This study aimed to determine the specific cytokine profile in peripheral blood during the early onset of COVID-19 infection. This was a cross-sectional exploratory, single center study. A total of 55 plasma samples were studied. Serum samples of adults showing symptoms of COVID-19 infection who were tested positive for SARS-CoV-2 infection (CoV+, n=18) at the COVID-19 outpatient clinic of the Medical University of Vienna were screened for immune activation markers by Luminex technology. Additionally, age and gender-matched serum samples of patients displaying COVID-19 associated symptoms, but tested negative for SARS-CoV-2 (CoV-, n=16) as well as healthy controls (HC, n=21) were analyzed. COVID-19 positive (CoV+) patients showed a specific upregulation of BLC (141; 74-189 pg/mL), SCD30 (273; 207-576 pg/mL), MCP-2 (18; 12-30 pg/mL) and IP-10 (37; 23-96 pg/mL), compared to patients with COVID19-like symptoms but negative PCR test (CoV-), BLC (61; 22-100 pg/mL), sCD30L (161; 120-210 pg/mL), MCP-2 (8; 5-12 pg/mL) and IP-10 (9; 6-12 pg/mL) and healthy controls (HC) (BLC 22; 11-36 pg/mL, sCD30 74; 39-108 pg/mL, MCP-2 6; 3-9. pg/mL, IP-10 = 8; 5-13). The markers APRIL, sIL-2R, IL7, MIF, MIP-1b, SCF, SDF-1a, sTNF-RII were elevated in both CoV+ and CoV- patient groups compared to healthy controls. HGF, MDC and VEGF-A were elevated in CoV- but not CoV+ compared to healthy controls. BLC, sCD30, MCP-2 and IP-10 are specifically induced during early stages of COVID-19 infection and might constitute attractive targets for early diagnosis and treatment of this disease.
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Introduction

According to World Health Organization (WHO), the outbreak of a novel coronavirus strain termed severe acute respiratory syndrome coronavirus type 2, SARS-CoV-2 at the end of the year 2019 has led to an unprecedented global pandemic having infected an estimated more than 80 million people. First case descriptions have focused on the respiratory symptoms of the disease such as cough, shortness of breath and, in severe cases, low oxygenation requiring hospitalization and ventilation (Lescure et al., 2020). Furthermore, SARS-CoV-2 infection induces pathologies in multiple organs which contributes to the unusually high lethality (Becher and Frerichs, 2020). It is now agreed that one of the most severe clinical problems is a state of hyperinflammation induced by SARS-CoV-2 infection during early stages of the disease (de la Rica et al., 2020; Reddy et al., 2020). Inflammation is governed by the interaction of multiple different cell types such as granulocytes, macrophages, endothelial along with epithelial cells which interact with cells of the adaptive immune system. Many of these interactions are regulated by the early secretion of cytokines, chemokines, and other messenger substances resulting in an exacerbation of the inflammatory reaction, that can culminate in a systemic cytokine storm also activating inflammasomes affecting multiple compartments of the organism (Rodrigues et al., 2021). Accordingly, several studies have aimed to better define the inflammatory pattern induced by Coronavirus Disease (COVID)-19 infection. First reports in January 2020 from a Chinese cohort described high serum levels of inflammatory cytokines with the chemokine CXCL10/IP-10 showing the most pronounced increase and allowing stratification of risk patients (Huang et al., 2020) which was also corroborated in an Israelian cohort (Lev et al., 2021). Similarly, a more recent study analyzing 185 serum markers of inflammation and cardiovascular disease has identified several significantly up-regulated inflammatory markers in the peripheral blood of hospitalized SARS-CoV-2 patients (Sims et al., 2020). A broad up-regulation of inflammatory cytokines and chemokines has also been described in Chinese cohorts from the first wave as well (Chi et al., 2020; Zhao et al., 2020). Subsequently, numerous studies have further addressed COVID-19 induced hyperinflammation drawing a multi-faceted picture with different immunological processes contributing to immediate and late pathologies in SARS-CoV-2 infection (Buszko et al., 2021). Treatment strategies concomitantly focused on this cytokine storm and treatment options investigating approved anti-inflammatory agents such as the interleukin-(IL)-6 blocker tocilizumab (Guaraldi et al., 2020) and the IL-1 blocker anakinra have been explored (Cavalli et al., 2021). Most notably, recent trials using the broadly anti-inflammatory glucocorticoids showed promising results regarding mortality in critically ill patients (Horby et al., 2020). Surprisingly, though it has not been established yet whether the overall quality or quantity of the SARS-CoV-2 induced cytokine inflammatory response differs from that caused by other common respiratory infections. Better understanding of the underlying mechanisms of specific individuals, which may alter the propensity of individual patients to experience over exuberant inflammatory responses after viral infection is urgently needed (Forbester and Humphreys, 2020). Furthermore, a deeper knowledge of disease specific cytokine patterns especially at the early onset of the disease is necessary to specifically ameliorate clinical symptoms and to personalize treatment.

A detailed characterization of the cytokine pattern during the early onset of the COVID-19 infection in comparison to healthy controls and symptomatic but COVID negative persons is lacking so far. Hence in this study peripheral blood specimens from symptomatic patients at the COVID outpatient clinic of the Medical University of Vienna were stratified into patients tested COVID-19 negative and positive with age- and sex-matched healthy volunteers as control group.



Methods


Ethics Statement

This exploratory study is in compliance with the Helsinki Declaration (Ethical Principles for Medical Research Involving Human Subjects) and was conducted in accordance with the guidelines of research boards at the study site. This single-center study was approved by the local ethics committee of the Medical University of Vienna (EC#1280/2020).



Patient Recruitment and Detection of SARS-CoV-2 by RT-PCR

Healthy volunteers were recruited at the Vienna General Hospital (AKH Wien) Medical University of Vienna. COVID-19 symptomatic patients were randomly included by order of appearance at the COVID-19 outpatient ward of the Medical University of Vienna. Onset of symptoms was anamnestically determined and for this study only patients with a symptom onset ≤2 days were included. At the time of presentation a serum blood draw was performed and samples were stored at -80°C and similarly respiratory swabs were taken once from the nasopharyngeal cavity of each patient to determine the SARS-CoV-2 status. RT-PCR was performed on the fully-automated Roche Cobas 6800 RT-PCR system (Roche Diagnostics GmbH, Rotkreuz, Switzerland) from respiratory swab samples agitated in 0,9% saline solution (NaCl). The cobas® SARS-CoV-2 assay was used according to the manufacturer’s instructions for the detection of SARS-CoV-2 specific ribonucleic acid (RNA). According to clinical routine testing protocols, all analyses were performed within six hours after sample extraction. The control group was recruited from age- and sex-matched healthy volunteers from the General Hospital of Vienna between 2017 and the end of 2019. As this was prior to the COVID-19 pandemic, SARS-CoV-2 PCR was not performed in this group.



Analysis of Inflammatory Markers in Patient Serum

Undiluted blood serum samples were analyzed using the ProcartaPlex™ Multiplex Immunoassay (Human immune monitoring 65 Plex, Thermo Fisher Scientific, Reference Number MAN0017980) according to manufacturer’s instruction. Of the 65 analytes, 39 were below the lower limit of quantification in >95% of all samples (irrespective of group) and were therefore excluded from further analysis. Measurements and analysis of all Human ProcartaPlex Immunoassays were performed on a Luminex 200 instrument (Luminex Corp., Austin, Tx, USA) as described previously (Muhlbacher et al., 2020). In short, patient samples were adjusted to 10 mM EDTA to prevent the complement-mediated prozone effect. Then, 50 µL of the Magnetic Bead solution was added to each well of the provided 96-well flate bottom plate. After washing of magnetic beads, 25 µL of Universal Assay Buffer (1x) was added to each well, followed by 25 uL of patient sample, prepared standards or blank [Universal Assay Buffer (1x)]. The plate was incubated at RT in the dark on a plate shaker at 550 rpm for 60 min. After incubation, the plate was washed and incubated with pre-mixed Detection Antibody Mixture (25 µL/well) as above for 30 min. Subsequently, the beads were washed to remove unbound antibody, 50 µL of Streptavidin-PE (SAPE) solution was added to each well and the incubation step was repeated. As a final step, 120 µL of Reading Buffer was added to each well after washing and plates were processed on a Luminex 200 instrument.



Statistical Analysis

Each analyte was plotted separated by patient group to assess data distribution. Group differences between the three cohorts were tested using Kruskal-Wallis-test in conjunction with Dunn’s multiple comparisons test using multiplicity adjusted calculation of p-values. Correlation analyses were calculated using a Spearman correlation algorithm. GraphPad Prism 6.05 (GraphPad Software, CA, USA) was used for statistical analysis and data presentation.




Results


Patient Recruitment and Characteristics

A total of 34 patients who presented to the COVID-19 outpatient ward of the Medical University of Vienna between March 2020 and August 2020 with typical COVID-19 symptoms including cough, fever, sore throat, myalgia, loss of taste and/or smell, fatigue or dyspnoea were selected from the database for this cross-sectional analysis. Patients with anamnestic symptom onset within the last two days before presentation were included into the study. All patients were tested for the presence of SARS-CoV-2 RNA by routine PCR testing from nasopharyngeal swabs at the time of presentation and stratified into a symptomatic COVID-19 negative (CoV-; n=16) and a symptomatic COVID-19 positive (CoV+; n=18) group (PCR Ct-value: median 24.7 [interquartile range IQR 13.2-41.1]. At this time point also a venous blood draw for inflammatory marker determination was performed. 21 age and sex matched healthy volunteers were recruited and served as control group. Characteristics from all three groups are shown in Table 1.


Table 1 | Patient characteristics of healthy control (HC) volunteers, symptomatic, COVID-19 negative tested patients (CoV-) and symptomatic, COVID-19 positive tested patients (CoV+).





Assessment of Inflammatory Markers in Serum Specimens

Serum specimen from the three study groups were subjected to analysis using a commercially available 65 analyte multiplex immunoassay panel containing most relevant cytokines, chemokines and soluble receptors and growth factors typically found in inflammation (refer to Supplementary Material 1 for the full list). Thereby, we aimed to analyze a broad range of factors produced by cells of the innate as well as the adaptive immune system, thus covering the breadth of the SARS-CoV-2 induced immune response. Out of the 65 assessed molecules, 39 were below the lower limit of quantification in >95% of all samples (irrespective of group) and were therefore excluded from further analysis (marked with an *asterisk in Supplementary Material 1). Of note, these excluded analytes also contained IFN-γ and IL-8 which were described as elevated in COVID-19 positive patients in other studies on hospitalized patients (Galani et al., 2021). Individual levels of analyzed proteins above the detection limit are shown in Supplementary Material 2. 10 analytes were observed at detectable levels in the sera of all three groups but showed no significant differences between the healthy control group and the specimens from either of the symptomatic groups. The respective analytes and their levels in all three groups are summarized in Table 2.


Table 2 | Median serum concentration, 25% quartile and 75% quartile in pg/mL of analytes showing no significant differences in specimen from healthy control (HC) volunteers, symptomatic, COVID-19 negative tested patients (CoV-) and symptomatic, COVID-19 positive tested patients (CoV+).





COVID-19 Infection Presents With a Distinct Inflammatory Pattern Compared to Other Common Respiratory Infections

In accordance with a general inflammatory response in respiratory infections, 7 analytes (APRIL, sIL-2R, MIF, MIP-1b, SCF, SDF-1a, sTNF-RII) showed a significant increase in serum levels in both the CoV- and CoV+ group compared to the healthy control cohort (Figure 1 and Supplementary Material 3), while remaining statistically indifferent between CoV- and CoV+. These markers include the soluble form of TNFSF13 (tumor necrosis factor ligand superfamily member 13), also known as APRIL (A proliferation-inducing ligand), which nevertheless showed a clear trend towards higher serum levels in the CoV+ compared to the CoV- group (median; IQR25%-75% HC: CoV-: CoV+ = 44; 44-89 pg/mL: 290; 112-370 pg/mL: 598; 207-1055 pg/mL). All other markers showed a robust increase compared to the control cohort but no apparent differences between the CoV- and CoV+ symptomatic group. Thus, these proteins can be considered as general markers of respiratory inflammation. Additionally, IL-7 was significantly up-regulated in the CoV+ but not in the CoV- group compared to the control group while showing no significant difference between the two symptomatic groups. In this respect, IL-7 levels were generally very low with all sera analyzed showing values <10 pg/mL (Figure 1 and Supplementary Material 3). Of note, four further analytes were significantly up-regulated in the symptomatic CoV- group but not in the CoV+ group. HGF (median, IQR25%-75% HC: CoV-: CoV+ = 89; 61-102 pg/mL: 212; 114-310 pg/mL: 126; 80-164 pg/mL), MDC (median, IQR25%-75% HC: CoV-: CoV+ = 131; 94-159 pg/mL: 224; 155-399 pg/mL: 178; 137-257 pg/mL) and VEGF-A (median, IQR25%-75% HC: CoV-: CoV+ = 115; 58-151 pg/mL: 207; 126-315 pg/mL: 189; 74-494 pg/mL) were significantly up-regulated in the symptomatic COV- group while the CoV+ group showed no significant difference compared to the control group (Figure 2 and Supplementary Material 3). VEGF-A levels showed a high variance within the CoV+ group ranging from near baseline values to extremely high concentrations (total range: 5-17545 pg/mL) suggesting that this protein might be very heterogeneously affected by COVID-19 infection. Intriguingly, IL-18 was significantly down-regulated in the symptomatic CoV- group but remained at healthy control levels in the CoV+ group (median, IQR25%-75% HC: CoV-: CoV+ = 34; 23-61 pg/mL: 23; 20-33 pg/mL: 45; 27-63 pg/mL).




Figure 1 | Serum markers elevated in COVID-19- and COVID-19+ symptomatic patients compared to healthy controls. The indicated inflammatory markers were assessed by multiplex analysis from the serum of healthy control (HC) volunteers, symptomatic, COVID-19 negative tested patients (CoV-) and symptomatic, COVID-19 positive tested patients (CoV+). For each marker, individual results are depicted as dot plots. Each point represents the median of two technical replicates of each individual. Data are shown on a logarithmic scale for better visualization. Data are shown as median and interquartile range 25%-75%. p > 0.05 = ns not significant; *p < 0.05, **p < 0.01, ****p < 0.0001, Group differences between the three cohorts were tested using Kruskal-Wallis-test in conjunction with Dunn’s multiple comparisons test using multiplicity adjusted calculation of p-values. (HC, n=21), (CoV-, n=16), (CoV+, n=18); APRIL, a proliferation-inducing ligand; sIL-2R-soluble interleukin 2 receptor; IL-7, interleukin 7; MIF, Macrophage migration inhibitory factor; MIP, macrophage inflammatory proteins; SCF, stem cell factor; SDF, 1a-stromal cell-derived factor 1; sTNF, RII-tumor necrosis factor receptor.






Figure 2 | Serum markers elevated or downregulated markers in COVID-19- patients compared to healthy controls and COVID-19+ patients. The indicated inflammatory markers were assessed by multiplex analysis from the serum of healthy control (HC) volunteers, symptomatic, COVID-19 negative tested patients (CoV-) and symptomatic, COVID-19 positive tested patients (CoV+). For each marker, individual results are depicted as dot plots. Each point represents the median of two technical replicates of each individual. Data are shown on a logarithmic scale for better visualization. Data are shown as median and interquartile range 25%-75%. p > 0.05 = ns not significant; *p < 0.05, **p < 0.01, ***p < 0.001, Group differences between the three cohorts were tested using Kruskal-Wallis-test in conjunction with Dunn’s multiple comparisons test using multiplicity adjusted calculation of p-values. (HC, n=21), (CoV-, n=16), (CoV+, n=18). (HC, n=21)); HGF, hepatocyte growth factor; IL-18, interleukin-18; MDC, macrophage-derived chemokine; VEGF-A, vascular endothelial growth factor A.



Of note, four analytes showed no differences between the healthy control and the symptomatic CoV- group but were significantly up-regulated in the CoV+ group. These were BCL/CXCL13, soluble (s)CD30, IP-10 and MCP-2/CCL8 (Figure 3 and Supplementary Material 3). BLC (median, IQR25%-75% HC: CoV-: CoV+ = 22; 11-36 pg/mL: 61; 22-100 pg/mL: 141; 74-189 pg/mL) and sCD30 (median, IQR25%-75% HC: CoV-: CoV+ = 74; 39-108 pg/mL: 161; 120-210 pg/mL: 273; 207-576 pg/mL) also showed a trend towards higher serum levels in symptomatic CoV- patients but were even further increased in the CoV+ group. For IP-10 (median, IQR25%-75% HC: CoV-: CoV+ = 8; 5-13 pg/mL: 10; 7-12 pg/mL: 37; 24-97 pg/mL) and MCP-2 (median, IQR25%-75% HC: CoV-: CoV+ = 6; 3-10 pg/mL: 8; 5-12 pg/mL: 18; 12-30 pg/mL) no differences between the healthy control and the symptomatic CoV- group were observable. Correlation analyses of these four parameters did not reveal robust correlation in any of the analyzed groups underscoring a highly individual inflammatory response in symptomatic SARS-CoV-2 negative and positive patients (Supplementary Material 4). Taken together, our analyses thus identify a unique COVID-19 specific inflammatory signature of four serum proteins in an early onset of disease setting.




Figure 3 | Immune activation markers specifically elevated in the serum of COVID-19+ patients compared to COVID- patients and healthy controls. The indicated inflammatory markers were assessed by multiplex analysis from the serum of healthy control (HC) volunteers, symptomatic, COVID-19 negative tested patients (CoV-) and symptomatic, COVID-19 positive tested patients (CoV+). For each marker, individual results are depicted as dot plots. Each point represents the median of two technical replicates of each individual. Data are shown on a logarithmic scale for better visualization. Data are shown as median and interquartile range 25%-75%. p > 0.05 = ns not significant; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, Group differences between the three cohorts were tested using Kruskal-Wallis-test in conjunction with Dunn’s multiple comparisons test using multiplicity adjusted calculation of p-values. (HC, n=21), (CoV-, n=16), (CoV+, n=18); BLC, chemokine B lymphocyte chemoattractant; sCD30, soluble CD30; IP-10, interferon-gamma induced protein 10; MCP-2, monocyte chemotactic protein-2.






Discussion

By performing Luminex based Multiplex Immunoassay analysis in negative and positive tested cohorts with clinical signs of COVID-19 infection, we were able to identify an exclusive upregulation of BLC, sCD30, MCP-2 and IP-10 in patients early after onset of SARS-CoV-2 infection.

It has been shown previously that patients with severe COVID-19 infection display a hyperinflammatory milieu in the circulation with concomitant elevation of a variety of inflammatory cytokines and vascular endothelial damage markers and it has been now extensively discussed that the SARS-Cov-2 induced “cytokine storm” is a major source of complications but also provides promising therapeutic targets (Sinha et al., 2020; Chen and Quach, 2021; Mulchandani et al., 2021). Interestingly though, coronavirus infections trigger a very distinct immunological program, which is especially seen by the lack or delayed onset of a type I interferon response (Blanco-Melo et al., 2020; Hadjadj et al., 2020).

Dampening the excessive inflammation induced by SARS-CoV-2 infection has been the focus of clinical management. Accordingly, recent data on the ratio of the pro-inflammatory cytokine IL-6 and the anti-inflammatory cytokine IL-10 suggested that serum cytokines may be used for risk stratification in hospitalized COVID-19 patients (McElvaney et al., 2020). These observations were based on increased levels of multiple cytokines most prominently IL-6. Yet, the data were obtained from critically ill patients potentially also suffering from multiple co-morbidities (Tang et al., 2020).

Our study dissected the systemic cytokine response in symptomatic COVID-19 patients at the time of first hospital contact at the COVID outpatient clinic and compared results of COVID-positive and -negative tested individuals to each other and to healthy controls. We focused on the early inflammatory response of the COVID-19 infection and not on aged, hospitalized and often polymorbid patients.

In line with our results, it has been shown previously, that IP-10, a marker that induces T-cells and is therefore important for antiviral defense, is upregulated in hospitalized COVID-19 positive patients (Huang et al., 2020). Serum concentrations of IP-10 were higher in ICU patients compared to non-ICU patients. It has been shown that serum IP-10 levels are highly associated with disease severity and predict the progression of COVID-19 (Yang et al., 2020; Lev et al., 2021). Typically, IP-10 is associated as downstream chemokine of an IFN-γ response, although it can also be induced by other stimuli such as LPS or stressors such as heat shock or UV light in vitro [reviewed in (Vazirinejad et al., 2014)]. Along those lines, it is now discussed whether IFN-γ and IP-10 levels are independently affected by SARS-CoV-2 (Buszko et al., 2021). In contrast to previous studies, IFN-γ serum levels in all our cohorts were below the detection limit. This could be due to our recruitment strategy focusing on patients early after onset of symptoms. Thus, it could be hypothesized that an early IP-10 response in SARS-CoV-2 infection is followed by a later induction of IFN-γ which in turn further enhances IP-10 production. In this regard, it will be interesting to observe the results of the ongoing trial with the IFN-γ blocking antibody Emapalumab (trial NCT04324021) and how this affects the inflammatory situation in COVID-19 patients and the overall clinical outcome.

In our study, patients with severe COVID-19 infection display high levels of the monocyte chemoattractant MCP-2 (Sims et al., 2020), a chemokine that utilizes multiple cellular receptors to attract and activate different immune cells (Proost et al., 1996). Transcriptional analyses of respiratory cell populations and serum analysis in response to SARS-CoV-2 infection show strong upregulation of MCP-2 (Blanco-Melo et al., 2020; Zizzo and Cohen, 2020).

Therefore, anti-CCL8/MCP-2 antibodies might offer a novel point of intervention in the management of patients with COVID-19 induced hyperinflammation. Yet, our analyses also identified a significant upregulation of sCD30, a marker implicated in T-cell response and BLC/CXCL13 in CoV+ compared to symptomatic yet CoV- patients. sCD30 is a member of the tumor-necrosis-factor receptor superfamily. Low serum levels of sCD30 were found in healthy humans, whereas increased sCD30 concentrations were measured in autoimmune diseases such as systemic lupus erythematosus, rheumatoid arthritis, certain viral infections and adult T cell leukemia/lymphoma (van der Weyden et al., 2017).

A limited number of studies assessed the physiological role of CD30/CD30 ligand interactions in control of infection and it has been shown that after Epstein-Barr (EBV) infection, large numbers of CD30+ cells are generated (Zhou et al., 2017). However, the regulation of this factor early after COVID-19 infection has not been elucidated in detail so far.

BLC/CXCL13 on the other hand, is a small homeostatic CXC family chemokine that is highly expressed in the pleural cavity and critically involved in B-cell recruitment during infection (Ansel et al., 2002). A recent study has identified BLC as novel biomarker for lethal SARS-Cov-2 infection (Horspool et al., 2021). The authors, also found a correlation between BLC levels and antibody production. From these observations and the known biological role, it might be deduced that BLC is crucial in mediating the adaptive immune response e.g. in follicular B helper cells after COVID-19 infection and promotes antibody production. Interestingly, contrary, to previously published results in critically ill patients (Guaraldi et al., 2020), we could not detect IL-6, IL-8 and IFN-γ in our tested cohorts. However, in accordance with a previous study, an explanation might be the very early onset of infection at the time of blood withdrawal in our analysis (Zhang et al., 2020). Of note, correlation analyses of the four COVID-19 specific parameters only revealed low correlations between individuals. This indicates that patients show highly individual inflammatory responses to COVID-19 infection. Therefore, for potential diagnostic or therapeutic settings, all four parameters have to be considered in parallel.

We further demonstrated an upregulation of the chemokines APRIL, sIL-2R, IL-7, MIF, MIP-1b, SCF, SDF-1a, sTNF-RII in CoV+ patients, which was not specific for SARS-CoV-2 infection but also found in the COV- group. Still, these findings support the general finding that SARS-CoV-2 induces a broad cytokine storm. Several of these markers have been associated with distinct features of SARS-CoV-2 infection. Recently, a potential contribution of increased soluble IL-2R to lymphopenia in COVID-19 patients has been indicated (Zhang et al., 2020). IL-7 is a pleiotropic cytokine (Laterre et al., 2020), currently studied in clinical trials for oncologic and infectious disorders (Mackall et al., 2011). An upregulation of this cytokine early after COVID-19 infection might be an important immunomodulatory step of the host immunity in response to the infection.

MIF is an important regulator of innate immunity (Calandra and Roger, 2003). Previous studies showed decreased MIF levels and selective modulation after coronavirus infection (Frieman et al., 2008). MIP serum levels were found to be elevated in patients with COVID-19, requiring ICU admission (Huang et al., 2020). Similarly, serum SCF concentrations were significantly higher in fatal than severe or mild COVID-19 cases (Xu et al., 2020). sTNF-RII inhibit the TNF-alpha biological effects and thus may constitute a negative regulatory mechanism in acute inflammation. However, we did not find a significant upregulation of IL-18, a cytokine participating in host defense against infection, in early COVID-19 infection. This discrepancy might be due to different expression kinetics in the course of SARS-CoV-2 infection. In accordance to previous studies which indicate severe dysregulation of type I interferon responses in COVID-19, where these central mediators of the immune response seem actually to be blunted, we did not measure any interferon levels in our analysis (Acharya et al., 2020; Meffre and Iwasaki, 2020).

Some limitations should be addressed for our analysis. First, clinical data were only available from one center. Due to the exploratory study design, the number of analysed patients is relatively small and should be confirmed by larger longitudinal multi-center trials. Second, no detailed follow up of the investigated subpopulations could be provided within the scope of this study, hence, the viral genesis of disease of CoV- persons could not be ultimately confirmed. In this respect, especially a stratification of symptomatic SARS-CoV-2 negative patients according to the underlying pathogen (e.g. other endemic human coronaviruses, influenza A/B, etc.) would further add to the understanding of respiratory viral infections. Third the clinical assessment of COVID-19 symptoms was subjective according to the clinician at the COVID-19 triage at the outpatient clinic. Fourth, although restricted to a maximum of two days, the individual duration of disease symptoms varied between the persons before appearance at the outpatient clinic.

In conclusion, our study demonstrates that BLC/CXCL13, sCD30, MCP-2/CCL8 and IP-10/CXCL10 are specifically and individually upregulated in symptomatic COVID-19-positive patients but not in patients suffering from other respiratory infections with similar symptoms. Thus, our study might help to gain novel insights into the specific systemic immune response of the host, early after COVID-19 infection and ultimately might help to develop innovative therapeutic strategies against COVID-19 infection.
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Supplementary Material 4 | Heat map of correlation of BLC, sCD30, IP-10 and MCP-2 in the three study groups. Healthy control (HC) volunteers, symptomatic, COVID-19 negative tested patients (CoV-) and symptomatic, COVID-19 positive tested patients (CoV+). Numbers indicate the respective Spearman r correlation coefficient.
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COVID-19 is a pandemic disease caused by severe acute respiratory coronavirus 2 (SARS-CoV-2), which leads to pulmonary manifestations like acute lung injury (ALI) and acute respiratory distress syndrome (ARDS). In addition, COVID-19 may cause extra-pulmonary manifestation such as testicular injury. Both high and low levels of testosterone could affect the severity of COVID-19. Herein, there is substantial controversy regarding the potential role of testosterone in SARS-CoV-2 infection and COVID-19 severity. Therefore, the present study aimed to review and elucidate the assorted view of preponderance regarding the beneficial and harmful effects of testosterone in COVID-19. A related literature search in PubMed, Scopus, Web of Science, Google Scholar, and Science Direct was done. All published articles related to the role of testosterone and COVID-19 were included in this mini-review. The beneficial effects of testosterone in COVID-19 are through inhibition of pro-inflammatory cytokines, augmentation of anti-inflammatory cytokines, modulation of the immune response, attenuation of oxidative stress, and endothelial dysfunction. However, its harmful effects in COVID-19 are due to augmentation of transmembrane protease serine 2 (TMPRSS2), which is essential for cleaving and activating SARS-CoV-2 spike protein during acute SARS-CoV-2 infection. Most published studies illustrated that low testosterone levels are linked to COVID-19 severity. A low testosterone level in COVID-19 is mainly due to testicular injury, the primary source of testosterone.
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Introduction

The novel coronavirus disease 19 (nCoV19), commonly known as COVID-19, is an infectious disease caused by severe acute respiratory coronavirus 2 (SARS-CoV-2), leading to acute systemic disturbances, pro-inflammatory activation, hypercytokinemia, cytokine storm, and multi-organ damage (Al-Kuraishy et al., 2020). COVID-19 affects various organs, mainly the respiratory system, presenting with pulmonary manifestations like acute lung injury (ALI) and acute respiratory distress syndrome (ARDS), and extra-pulmonary manifestations like acute cardiac, neurological disorders, pancreatic injury, acute kidney injury, and testicular injury (Al-Kuraishy et al., 2020a; Lugnier et al., 2021). This systemic effect of COVID-19 is due to the wide distribution of angiotensin-converting enzyme 2 (AEC2), a receptor and entry point for SARS-CoV-2 (Al-Kuraishy et al., 2020b). ACE2 receptor is chiefly expressed in the lung alveolar cells type II, proximal renal tubules, and testis primarily in Sertoli and Leydig cells. Binding of SARS-CoV-2 to ACE2 leads to downregulation of these protective receptors with subsequent increment in the level of vasoconstrictors angiotensin II (Ang II) and reduction of vasodilator angiotensin (Ang 1-7) (Ang 1-9) with induction release of pro-inflammatory cytokines (Bank et al., 2021).

Since the World Health Organization (WHO) declaration of this disease as a pandemic and until late July 2021, the total confirmed cases are 194,250,977, with 4,258,789 deaths. The mortality rate ranges from 0.9% to 10.5% in COVID-19 patients without comorbidities than COVID-19 patients with comorbidities, respectively (Anjorin et al., 2021).

It has been reported that male sex is regarded as a risk factor for COVID-19 severity and had worse outcomes, which might occur due to male-specific factors that increase men’s vulnerability to the SARS-CoV-2 infection compared to women (Farghaly and Makboul, 2021). One of the important male sex-specific factors is the anabolic testosterone hormone secreted mainly from testicles and to a lesser extent from the adrenal cortex (Al-Maiahy et al., 2020). Testosterone is also secreted from ovaries in females; however, the total daily testosterone production is approximately 20 times more in males than in females; thus, testosterone serum level is 8 times more in men than in women (Handelsman et al., 2018).

Testosterone serum levels are reduced on average by 2% per year after the age of 40 years, increasing the prevalence of hypogonadism in men following the age of 40 years up to 9.5%, and this prevalence is augmented in several cardiometabolic disorders (Grossmann et al., 2020). Indeed, testosterone deficiency-induced late hypogonadism is regarded as an independent risk factor for various pulmonary disorders and cardio-metabolic disturbances, including hypertension, dyslipidemia, type 2 diabetes mellitus (T2DM), endothelial dysfunction, and coagulopathy (Butanis et al., 2017; Assyov et al., 2020). Therefore, hypogonadism accounts for 53.3% of hospitalized patients with a high mortality rate due to immunosuppression and susceptibility for different viral infections (Pezzaioli et al., 2020).

During COVID-19, SARS-CoV-2 infection may affect the testicles by binding to ACE2 expressed in the Sertoli and Leydig cells, causing infertility and suppressing testosterone production (Abobaker and Raba, 2020). Schroeder et al. (2020) illustrated that low testosterone serum level is linked to SARS-CoV-2 infections and COVID-19 severity in critically ill patients due to reduced immunomodulation antiviral effects of androgen. On the other hand, Wambier et al. (2020) revealed that high testosterone and other androgens serum levels might increase the severity of COVID-19 through augmentation of the expression of transmembrane protease serine 2 (TMPRSS2), which is vital for cleaving and activation of SARS-CoV-2 spike protein during acute SARS-CoV-2 infection.

Therefore, there is substantial controversy regarding the potential role of testosterone and other androgens in SARS-CoV-2 infection and COVID-19 severity. Thus, the present study is aimed to review and elucidate the assorted view of preponderance regarding testosterone’s beneficial and harmful effects in COVID-19.



Methods and Search Strategy

A related literature search in PubMed, Scopus, Web of Science, Google Scholar, and Science Direct was done. All published articles related to the role of testosterone and COVID-19 were included in this mini-review. We search the international database using the medical subject heading (MeSH) to identify the relevant articles published up to 2021. The listed keywords used in this search included [COVID-19 OR SARS-CoV-2] AND [Testosterone OR Androgens], [COVID-19 OR SARS-CoV-2] AND [Hypogonadism OR Androgen sensitivity], [Hypogonadism OR Low testosterone], AND [COVID-19 severity]. The final results were mainly limited to human subjects. All types of published articles with different languages were included, and the final findings were summarized in a mini-review (Figure 1).




Figure 1 | Consort-flow diagram of the present study.





The Beneficial Role of Testosterone in COVID-19

It has been reported that testosterone serum level is reduced by aging and cardio-metabolic diseases including T2DM, obesity, dyslipidemia, heart failure, and atherosclerosis, which are common risk factors for the development of COVID-19 severity (Millar et al., 2016; Maddaloni et al., 2020).

Different studies illustrated that testosterone has a protective role in the respiratory system; it improves forced expiratory volume, vital capacity, oxygen consumption, and respiratory muscle contraction (Montano et al., 2014). Marques et al. (2020) illustrated that testosterone replacement therapy in orchiectomized male rats improves oxygenation and attenuates tissue hypoxia and hypercapnia. Thus, low testosterone serum levels in patients with hypogonadism may increase severity of obstructive pulmonary disease (Novković et al., 2019).


Testosterone and Acute Lung Injury

Testosterone has a crucial pulmo-protective effect through the modulation of lung inflammations, and a reduction of testosterone by aging may predispose the old age for chronic inflammatory pulmonary disorders and viral infections (Keilich et al., 2019). Redente et al. (2011) illustrated that testosterone’s defending role against bleomycin-induced ALI is through inhibition of pro-inflammatory mediated neutrophil alveolitis. It has been observed that testosterone inhibits the production of pro-inflammatory cytokines, including IL-1β, IL-6, and TNF-α, and inflammatory adipocytokines with a cumulative effect on the anti-inflammatory adiponectin (Bianchi, 2019). Wang et al. (2021) revealed that testosterone therapy reduces lung inflammation and fibrosis by inhibiting nuclear respiratory factor 1 (NRF1) and the NF-κB signaling pathway.

Pro-inflammatory cytokines, mainly IL-6, are involved in the pathogenesis of ALI, ARDS, and cytokine storm-induced multi-organ damage in COVID-19 (Sun et al., 2020). Typically, testosterone inhibits the synthesis and release of IL-6 and downregulates the expression of IL-6 receptors (Sun et al., 2020). Thus, IL-6 serum level is augmented in hypogonadism patients that increase their susceptibility for COVID-19 severity (Papadopoulos et al., 2020). Besides, adiponectin, through its anti-inflammatory effects, may reduce SARS-CoV-2-induced pro-inflammatory hypercytokinemia and associated ALI (Messina et al., 2020).

Of note, activation of nod-like receptor pyrin 3 (NLRP3) inflammasome is linked to over-activation of NF-κB signaling-induced inflammatory reactions in COVID-19. Activation of NLRP3 inflammasome is also related with COVID-19 severity and associated complications like ALI and ARDS (van den Berg and Te Velde, 2020). Chen et al. (2020) in their experimental study confirmed that testosterone therapy reduces atherogenesis by suppressing NLRP3 inflammasome. However, Alves et al. (2020) showed that supra-physiological testosterone level leads to oxidative stress-induced endothelial dysfunction and vascular injury through stimulation of NLRP3 inflammasome. Previously, Vignozzi et al. (2012) disclosed that testosterone through its derivative dihydrotestosterone suppresses NF-κB signaling activation and associated pro-inflammatory activations. Therefore, testosterone therapy may improve the clinical outcomes in COVID-19 patients through NLRP3 inflammasome/NF-κB-dependent activation of anti-inflammatory cytokines and suppression of pro-inflammatory cytokines.

A prospective study involving 221 hospitalized men with COVID-19 pneumonia aged > 18 years illustrated that testosterone serum levels are reduced and correlated with COVID-19 severity and mortality (Çayan et al., 2020). Similarly, low baseline total and free testosterone in 31 COVID-19 patients recovered from ARDS in Italy are negatively correlated with inflammatory risk factors (ferritin, CRP procalcitonine, and D-dimer) and linked to COVID-19 severity (Rastrelli et al., 2020). Likewise, an observational study in Germany involving 45 COVID-19 patients revealed that 70% of them have low testosterone at the time of admission with subsequent reduction through ARDS development and admission to the intensive care unit (ICU) (Schroeder et al., 2020). Furthermore, a prospective study composed of 358 men with COVID-19 compared with 92 negative for COVID-19 illustrated that testosterone levels are reduced in COVID-19 patients and linked to poor clinical outcomes (Cinislioglu et al., 2021). In addition, a retrospective study showed that low testosterone level is connected with COVID-19 severity and risk of death (Okçelik, 2021). Low testosterone serum level is associated with reduction of body anti-inflammatory capacity with augmentation of pro-inflammatory axis. High pro-inflammatory cytokines in turn suppress release and action of testosterone in a vicious cycle manner (Bianchi, 2019).

Furthermore, the receptor for advanced glycation end-product (RAGE) is a member of immunoglobulin superfamily protein, which presents in two forms, membrane RAGE (mRAGE) and soluble RAGE (sRAGE) (Papadopoulos et al., 2020). mRAGE has an inflammatory effect through activation of NF-kB, while sRAGE has anti-inflammatory effects through upregulation of ACE2 and anti-inflammatory cytokines (Serveaux-Dancer et al., 2019). RAGE pathway is mainly expressed in lung tissue and linked to the development of acute and chronic lung injuries (Wang et al., 2018). It has been shown that SARS-CoV-2 activates mRAGE at pulmonary alveolar cells, leading to severe inflammatory reactions (Yalcin Kehribar et al., 2020). It has been confirmed that the concentration of sRAGE is reduced with aging, which might explain the susceptibility of old age to COVID-19 (Evens et al., 2020). However, in young and asymptomatic COVID-19 patients, the concentration of sRAGE is high. In severe COVID-19, sRAGE level is significantly reduced, so low sRAGE level is associated with progression of ALI and ARDS (Abbasi-Oshaghi et al., 2021).

Therefore, COVID-19-induced reduction in circulating testosterone may induce ALI due to increase of pro-inflammatory and reduction anti-inflammatory effects.



Testosterone and Testicular Injury

In COVID-19, SARS-CoV-2 may bind testicle ACE2, leading to Sertoli and Leydig cells’ damage with subsequent inhibition of testicular testosterone synthesis (Illiano et al., 2020). Also, local inflammatory reaction in the testes due to SARS-CoV-2 infection and deregulation of the testicular renin–angiotensin system (RAS) may also impair testicular testosterone synthesis leading to hypogonadism (Yang et al., 2020). Analysis of testicular biopsies in patients with COVID-19 illustrated that the histopathological changes like hypoxic injury and microthrombosis are similar to that observed in COVID-19-induced ALI. However, SARS-CoV-2 was not detected in the injured testes, suggesting oxidative stress; coagulation disorders might mediate this damage as evident in COVID-19 pneumonia (Flaifel et al., 2021).

Therefore, preexistence or SARS-CoV-2-induced hypogonadism may reduce the protective effect of testosterone against SARS-CoV-2 infection, suggesting a link between testicular injury and development of ALI and ARDS in COVID-19 patients (Yang et al., 2020; Zaim et al., 2020). Moreover, high pro-inflammatory cytokines in SARS-CoV-2 infection may induce endothelial dysfunction and coagulopathy, a hallmark in COVID-19. The pro-thrombotic status and risk of thromboembolism are highly aggravated in hypogonadism (Fei et al., 2020). Local testicular thrombosis during SARS-CoV-2 infection is associated with diffuse damage of Leydig and Sertoli cells (Duarte-Neto et al., 2021). However, testosterone supplementation improves endothelial function via activation of nitric oxide release, inhibiting platelet activations and pro-thrombotic cascades (Hotta et al., 2019).

These clinical studies illustrated that reduction in the testosterone level is due to testicular injury with a subsequent reduction in the synthesis and release of testosterone from Leydig cells. This simple explanation is not acceptable since testicular injury is not frequently involved during SARS-CoV-2 infections (Schroeder et al., 2020). However, total testosterone may reduce in COVID-19 in the absence of testicular injury, as 90% of COVID-19 patients have a negative test for SARS-CoV-2 in the testes (Yang et al., 2020). A recent study illustrated that hypogonadism is developed in the early phase of COVID-19 due to SARS-CoV-2-induced testicular injury (Dutta and Sengupta, 2021). Higher expression of ACE2 in the testes makes them a potential target for SARS-CoV-2 with subsequent progression of male infertility. Excessive production of reactive oxygen species by SARS-CoV-2 may disrupt sperm function and morphology leading to early- or late-onset infertility (Esteves et al., 2021). Xu et al. (2021) showed that despite testicular injury during acute SARS-CoV-2 infection, male sex hormones remain unchanged even after recovery from COVID-19. Herein, extensive molecular studies are recommended to observe the implication of SARS-CoV-2 infections in reducing testosterone levels in COVID-19 patients. Zhao et al. (2016) illustrated that activation of mRAGE is correlated with inhibition of Leydig cell function with reduction of testosterone biosynthesis. This finding might explain low testosterone levels in patients with severe COVID-19.

In COVID-19, downregulation of lung ACE2 by SARS-CoV-2 is associated with high circulating AngII level, which is linked to development and progression of ALI and ARDS (Zhang et al., 2020). It has been confirmed that AngII inhibits Leydig cell function and testosterone synthesis (Reis and Reis, 2020). Add to these findings, the testes have full RAS, which is involved in the regulation function of Leydig cells and testosterone biosynthesis (Reis and Reis, 2020). Thus, systemic or testicular AngII levels are augmented due to downregulation of ACE2 in COVID-19. Local and circulating AngII activate harmful AT1R on the Leydig cells leading to the inhibition of testosterone biosynthesis (Pascolo et al., 2020). The deregulation of the protective AT2R and Mas receptors within the testes provokes inflammatory cascades that also contribute to Leydig cells’ dysfunction (Aitken, 2020; Pascolo et al., 2020). From the above considerations, AngII might be the potential biomarker linking ALI and testicular injury in patients with severe COVID-19.



Testosterone and Oxidative Stress

Additional studies illustrated that SARS-CoV-2 infection leads to oxidative stress injury and oxidative storm due to membrane lipid and protein peroxidations (Ntyonga-Pono, 2020). The high neutrophil ratio in SARS-CoV-2 infection is linked to high oxidative stress due to the production of reactive oxygen species (ROS) by neutrophils. These changes provoke a cascade of immuno-biological events that the human body responds to (Ntyonga-Pono, 2020). ROS causes various pathological events related to COVID-19, such as endothelial dysfunction, erythrocyte injury, platelet activation, and thrombosis (Laforge et al., 2020). High ROS in COVID-19 promotes neutrophil extracellular traps (NETs) and induction release of pro-inflammatory cytokines (Laforge et al., 2020). NETs activate NLRP3 inflammasome, NF-κB, and induction of coagulopathy (Schönrich et al., 2020).

It has been reported that oxidative stress inhibits testosterone biosynthesis through activation of mitogen-activated protein kinase p38 (MAPK), which alter the metabolic process and gene expression (Shi and Dansen, 2020). Therefore, severe oxidative stress upregulates the p38MAPK pathway in the Leydig cells causing significant inhibition of testicular testosterone biosynthesis (Han et al., 2018). Recently, Jing et al. (2020) confirmed that oxidized low-density lipoprotein (oxLDL) inhibits testosterone synthesis through induction of p38MAPK pathway in the Leydig cells.

Oxidative stress inhibits Leydig and adrenal cells to synthesize testosterone through upregulation of cyclooxygenase 2 (COX2), induced by the p38MAPK pathway (Martin and Touaibia, 2020). Both p38MAPK pathway and COX2 are activated in COVID-19; Grimes and his colleague (Grimes and Grimes, 2020) illustrated that SARS-CoV-2 might directly or indirectly activate the p38MAPK pathway through downregulation of ACE2 and augmentation of AngII. Besides, activation of pro-inflammatory cytokines in COVID-19 induces upregulation of COX2 (Ong et al., 2020). Zhoa et al. (2019) confirmed that the NF-κB signaling pathway mediates the interaction between the p38MAPK pathway and COX2 in reducing testicular testosterone biosynthesis. In addition, activated p38MAPK provokes blood-testes barrier injury by suppressing testicular spermatogenesis and testosterone biosynthesis (Liu et al., 2018). Therefore, SARS-CoV-2 infection may reduce circulating testosterone and induces hypogonadism through activation of the p38MAPK/COX2 axis.

Into the bargain, testosterone inhibits neutrophil oxidative stress by reducing the production of superoxide anion, inhibition of lipid peroxidation, and improvement of glutathione reductase activity (Marin et al., 2010). In addition, an experimental study revealed that testosterone improves testes antioxidant potential by which it may attenuate oxidative stress-induced testicular injury (Aydilek et al., 2004).

Therefore, testosterone may reduce COVID-19 severity through mitigation of SARS-CoV-2-induced oxidative stress and associated complications.



Testosterone and Macrophage Function

Moreover, SARS-CoV-2 infection may lead to macrophage activation syndrome (MAS), which is characterized by hemophagocytosis, pancytopenia, coagulopathy, and disseminated intravascular coagulation (DIC). The MAS is developed in different viral infections including SARS-CoV-2 due to imbalanced release of pro-inflammatory cytokines (McGonagle et al., 2021). Of note, testosterone has an important regulatory role on the macrophage, monocyte, and T-cell functions. Testosterone inhibits release of pro-inflammatory and inflammatory cytokines from immune cells (Bereshchenko et al., 2018). Testosterone therapy was shown to prohibit release of pro-inflammatory cytokines from monocytes mainly in hypogonadal men compared with eugonadal one (Bianchi, 2019). In addition, testosterone decreases the expression and sensitivity of macrophage TLR4 for its ligand (Rettew et al., 2008). Of interest, TLR4 mediates early immunological interaction of SARS-CoV-2 with macrophage and other immune cells (Aboudounya and Heads, 2021). Therefore, testosterone therapy in COVID-19 patients may interrupt macrophage activation, exaggerated immune response, and development of MAS.

Furthermore, testicular macrophages (TMs) have immunoregulatory and immunotolerant functions as well as control of testicular steroidogenesis and spermatogenesis (Meinhardt et al., 2018). During sepsis and pathogen invasion, the classical type macrophage (M1) is activated and induces release of local pro-inflammatory cytokines. These cytokines impair spermatogenesis with significant inhibition of testicular steroidogenesis. The alternative type macrophage (M2) has local anti-inflammatory action supporting spermatogenesis and release of testosterone from Leydig cells (Chen et al., 2018; Meinhardt et al., 2018).

In SARS-CoV-2 infection, macrophage polarization is toward M1 phenotype resulting in testicular injury with impairment of testicular steroidogenesis and spermatogenesis (Lv et al., 2021). Becerra-Diaz et al. (2018) illustrated that testosterone and other androgens through macrophage androgenic receptor (AR) enhance M2 polarization with domination of macrophage anti-inflammatory effect. Taken together, testosterone modulates macrophage functions in general and more specifically TMs, by which it reduces the harmful effects of SARS-CoV-2 infection on the testes.



Testosterone Versus Estrogen in Men

In general, women have a robust immune system as compared to men due to the protective effect of estrogen against immunological dysregulation during different viral infections (Priyanka and Nair, 2020). It has been shown that estrogen has complex immunomodulating effects, and its effect on the inflammatory milieu in COVID-19 has been suggested (Ma et al., 2021). High estrogen serum level in premenopausal women might be a protective factor against COVID-19 severity, though older post-menopausal women are of high risk for development of COVID-19 severity compared to elderly men (Ciarambino et al., 2021). Nevertheless, reduction of estrogen level in later life in women does not appear to play a harmful role regarding COVID-19 severity in elderly women (Papadopoulos et al., 2021). In elderly men, there is significant reduction of testosterone with elevation of estrogen level due to increasing aromatization of adrenal and testicular androgens (Jardí et al., 2018). However, during sepsis in men, there is a noteworthy reduction of testosterone level with parallel increase of estrogen that reflects negative outcomes in septic men (Bech et al., 2020).

Thus, administration of estrogen in men with COVID-19 may offer a potential protective effect against COVID-19 severity (Suba, 2020). Bukowska et al. (2017) confirmed from experimental data that estrogen is able to regulate expression of the ACE/ACE2 axis, which is highly distorted in COVID-19. Also, estrogen inhibits propagation of cytokine storm and can activate B cells for antibody production. Besides, estrogen reduces expression of TMPRSS2, thereby reducing the entry of SARS-CoV-2 to the susceptible cells (Bennink et al., 2021). So, estrogen treatment is suggested to be an effective treatment against COVID-19 (Bennink et al., 2021).

These findings highlighted the potential protective effects of testosterone against SARS-CoV-2 infection (Table 1). However, reduction of total testosterone level in COVID-19 is due to complex interactions between SARS-CoV-2 with oxidative stress, pro-inflammatory cytokines, and systemic and local RAS (Figure 2).


Table 1 | Beneficial effects of testosterone in COVID-19.






Figure 2 | The potential role of SARS-CoV-2 infection in the reduction of testosterone and associated COVID-19 severity. SARS-CoV-2 induces oxidative stress, activation of nod-like receptor pyrin-3 (NLRP3) inflammasome and abnormal immune activation, downregulation of angiotensin converting enzyme 2 (ACE2), and activation of receptor for advanced glycation end-product (mRAGE). Downregulation of ACE2 with activation of mRAGE increases angiotensin II (AngII) and reduces Mas receptor (MasR). Activation of NLRP3 inflammasome triggers release of nuclear factor kappa B (NF-κB) and together with cyclooxegenase-2 (COX-2) and p38 mitogen-activated protein kinase (p38MAPK) stimulate release of pro-inflammatory cytokines, which cause testicular injury. These pathophysiological changes reduce production and release of testosterone from injured testes. Reduction in the level of testosterone provokes releases of pro-inflammatory cytokines and reduces anti-inflammatory cytokines with immune deregulation. These changes lead to induction of cytokine storm with consequent augmentation of COVID-19 severity.






Harmful Role of Testosterone in COVID-19


Testosterone and TMPRSS2 in COVID-19

Various studies illustrated that men’s higher predisposition to develop severe and serious COVID-19 complications is related to sex hormones, mainly testosterone and sociocultural factors (Lipsky and Hung, 2020). It has been confirmed that TMPRSS2 is required for proteolytic activation and priming of SARS-CoV-2 spike protein to bind ACE2 (Rahman et al., 2020). The expression of the TMPRSS2 gene is promoted by testosterone hormone, which might explain the severity of COVID-19 in men due to facilitating the entry of SARS-CoV-2 (Stopsack et al., 2020). TMPRSS2 is a cellular enzyme encoded by the human TMPRSS2 gene involved in prostatic cancer (Mehra et al., 2007) and cleaving of hemagglutinin viral antigen and infectivity of HIN1 and H7N9 influenza virus (Cheng et al., 2015). The TMPRSS2 gene is expressed in different tissues including lung and testes (Shen et al., 2020).

In addition to the androgen, nicotine smoking increases the expression of the TMPRSS2 gene, which might explain the severity of COVID-19 severity in nicotine smoker patients (Voinsky and Gurwitz, 2020). However, various studies reported the protective effect of nicotine smoking against SARS-CoV-2 due to different mechanisms, including upregulation of lung ACE2, anti-inflammatory, and immunosuppressive effects through activation of nicotinic acetylcholine receptor type 7 alpha (nAChR7α) on the macrophage (Farsalinos et al., 2020). Likewise, Donlan et al. (2020) observed that the expression of the TMPRSS2 gene is activated by IL-13, a highly expressed cytokine in COVID-19 and regarded as a predictive factor for mechanical ventilation independent of gender, age, and comorbidities. Besides, TMPRSS2 is highly co-expressed with furin, cathepsin L and B, CD209, and CD147 in men only, while co-expression with ACE2 is similar in both sexes (Piva et al., 2021). Certainly, TMPRSS2 co-expression with CD147 is important since CD147 is regarded as an entry point for SARS-CoV-2 (Radzikowska et al., 2020). Furthermore, Cao et al. (2017) in their experimental study confirmed that testosterone therapy increases the expression of CD147.

Therefore, overexpression of TMPRSS2 by androgen may implicate the testosterone in the pathogenesis of SARS-CoV-2 infection and COVID-19 severity. Thereby, TMPRSS2 inhibitors such as bromhexine, aprotinin, camostat, and nafamostat are useful in managing COVID-19 through attenuation of TMPRSS2-dependent lung inflammation, coagulopathy, and development of ARDS (Azimi, 2020; Breining et al., 2020). Indeed, the population-based study of Montopoli et al. (2020) that involved 9,280 COVID-19 patients with or without prostatic cancer illustrated that patients receiving androgen deprivation therapy (ADT) are at a lower risk for COVID-19-related complications compared to patients who did not receive ADT. This finding suggests that the anti-androgen agents reduce testosterone’s activation role on the expression of TMPRSS2, and thus high testosterone level may increase COVID-19 severity. Adamowicz et al. (2020) showed that high dihydrotestosterone level is linked to poor pulmonary outcomes in COVID-19 patients, though use of 5-α reductase inhibitors may aggravate COVID-19 severity due to disturbance of intra-pulmonary androgen metabolism. However, McCoy et al. (2020) showed that using 5-α reductase inhibitors is associated with good clinical outcomes in COVID-19 patients.

Moreover, different therapeutic modalities such as dexamethasone, nitric oxide, and chloroquine, which are effective in managing COVID-19, are reported to have anti-androgenic effects and suppression of TMPRSS2 (Cronauer et al., 2007; Guo et al., 2018; Chi et al., 2020). Taken together, based on the current findings, testosterone is implicated in the facilitation of SARS-CoV-2 infection through upregulation of TMPRSS2 and androgen receptor (AR) activation.



Androgen Sensitivity and COVID-19

The role of androgen sensitivity and polymorphism in COVID-19 is explained by different studies. It has been reported that a low mortality rate in pre-pubescent compared to the high mortality rate in adult men during the COVID-19 pandemic is due to low androgen sensitivity (Wambier et al., 2020). In addition, men with androgenic alopecia and women with polycystic ovary syndrome are at a higher risk for SARS-CoV-2 infection and COVID-19 severity due to higher androgen sensitivity. Therefore, the higher mortality rate for COVID-19 in the African American population is related to the polymorphism and higher sensitivity of androgenic receptors (Goren et al., 2020).

It has been known that the polyglutamine (poly-Q) tract of the AR affects the physiological response of circulating testosterone (Callewaert et al., 2003). Longer poly-Q of AR reduces the sensitivity to testosterone and is associated with high testosterone serum level because of impairment of negative feedback inhibition (Mohamad et al., 2018). In addition, longer poly-Q of AR is linked to activation of pro-inflammatory axis (Pierotti et al., 2010), although AR with short poly-Q has protective and anti-inflammatory roles in COVID-19 regardless of testosterone serum levels (Baldassarri et al., 2021). Therefore, testosterone may have bidirectional effects depending on the underlying length of AR poly-Q tract.

The distribution of poly-Q allele differs among diverse populations: longer in Asians, medium in Caucasians, and shorter in Africans (Ackerman et al., 2012). This might explain the high mortality in the first wave of SARS-CoV-2 infection in both China and Italy (Pereira et al., 2020). Of interest, African populations are more prone to the SARS-CoV-2 infection due to higher sensitivity of AR and higher expression of the TMPRSS2 gene (de Lusignan et al., 2020).

Therefore, AR sensitivity and length of poly-Q tract of AR seem to be more important than testosterone level in the prediction of COVID-19 severity. Besides, testosterone therapy in patients with COVID-19 may improve or worsen the clinical outcomes depending on patient AR sensitivity (Mukherjee and Pahan, 2021).



Immunological Effects of Testosterone in COVID-19

It has been reported that both adaptive and innate immune systems are crucial for contrasting viral infections and enhancing viral clearance and tissue repair (Kikkert, 2020). Giagulli et al. (2021) illustrated that circulating testosterone has immunosuppressive effects by inhibiting B and T cells, impairing immune response and immunoglobulin generations in different viral infections (Ghosh and Klein, 2017). In COVID-19, natural killer, B, and T cells are reduced; specifically reducing CD8 T cell is regarded as an independent predictor for severe COVID-19-related complications (Wang et al., 2020). Kissick et al. (2014) revealed that testosterone inhibits differentiation of CD4 T cells, providing a basis for targeting testosterone and other androgenic receptors to mitigate CD4 T-cell response in various forms of autoimmune disorders.

Several lines of evidence from various studies point to the immunosuppressive potential role of testosterone on various components of the immune system (Gubbels Bupp and Jorgensen, 2018), although the basic molecular mechanism is still not elucidated. Testosterone mediated downregulation of systemic immune response through cell-type-specific effects in many immunological disorders (LaVere et al., 2021). The precise immunological effects of testosterone and other androgens are through inhibition of antibody response to the viral infections and vaccines, suppression of macrophages and dendritic cells, promotion of immunological tolerance via activation of regulatory T cells, and inhibition of functions and developments of B and T cells (Trigunaite et al., 2015). Regarding these considerations, men are more vulnerable for COVID-19 severity as compared with women due to the immunosuppressive effects of testosterone (Bwire, 2020). Testosterone enhances both secretion and production of Th1-to-Th2 cytokine ratio via stimulated T cells and reduces humoral response and B-cell proliferation (Roved et al., 2017).

Moreover, the lysophosphatidyl serine receptor (GPR174) encoded by X-chromosome gene is highly expressed on B and T cells in women compared with men (Barnes et al., 2015). GPR174 regulates and controls the release of pro-inflammatory cytokines, B-cell migration, and macrophage polarization in septic shock and in response to chemokines (Qiu et al., 2019). These verdicts and results highlighted testosterone’s potential immunosuppressive effect in the progression of SARS-CoV-2 infection and COVID-19 severity (Salonia et al., 2021). Therefore, ADT might be a therapeutic opportunity against COVID-19 by reversal of immunosuppression status (Montopoli et al., 2020).



Metabolic Effects of Testosterone in COVID-19

Testosterone has a permissive effect for circulating AngII by expressing AT1R and downregulation of ATR2 with a higher ATR1R/AT2R ratio. However, castration reverses this ratio (Mishra et al., 2019). High circulating AngII and ATR1R expression are linked to ALI and ARDS development in COVID-19 (Wu et al., 2020). Besides, a high AngII level induces testicular injury and cell apoptosis with the reduction of Leydig cells for the synthesis of testosterone (Wang et al., 2017). Thus, in SARS-CoV-2 infection, there is a vicious cycle conflict in the interaction between testosterone and AngII concerning the lung–testis axis in severe COVID-19.

To date, dipeptidyl peptidase 4 (DPP4), which is highly expressed in different tissues, mainly in lung type II alveolar cells, is regarded as an entry point for SARS-CoV-2 and is associated with poor clinical outcomes in COVID-19 patients (Solerte et al., 2020). Blauschmidt et al. (2017) observed that testosterone upregulates the expression of DPP4 receptors in women with polycystic ovary syndrome. DPP4 inhibitors effectively manage COVID-19 through modulation of the anti-inflammatory/pro-inflammatory axis (Mirani et al., 2020). Thus, testosterone may increase COVID-19 severity through the DPP4/CD26 pathway; however, there is no study related to DPP4/CD26 and testosterone in SARS-CoV-2 infection.

Moreover, obesity is associated with low circulating testosterone due to aromatization of testosterone to estrogen by adipose tissue and abnormal hypothalamic–pituitary axis (Haring et al., 2010). Obesity is regarded as an independent risk factor for COVID-19 severity despite low testosterone levels (Yang et al., 2021), although ample evidence from experimental, preclinical, and clinical studies revealed that low testosterone level promotes development of obesity (Fui et al., 2014). Testosterone improves catecholamine-induced lipolysis and inhibits uptake of triglyceride by suppressing the activity of adipose tissue lipoprotein lipase (Grossmann, 2011). It has been reported that patients with prostatic cancer on ADT had increased fat mass and visceral adipose tissue by about 22% within 6 months of established therapy (Hamilton et al., 2011). Likewise, experimental hypogonadism in young men induces obesity within 10 weeks (Mauras et al., 1998). Therefore, low testosterone-induced obesity may aggravate the clinical course of COVID-19 severity. Sarver and Wong (2021) showed that obesity increases the expression of TMPRSS2 and DPP4 with alteration of the ACE/ACE2 ratio. Thereby, obesity may increase the risk of SARS-CoV-2 infection and abnormal immune response by underlying high pro-inflammatory cytokines (Seidu et al., 2021). Therefore, testosterone’s harmful effects in COVID-19 are related to TMPRSS2, ATR1, CD147, DPP4, and AngII expression that are mutually interrelated in facilitating SARS-CoV-2 entry and associated inflammatory reactions (Table 2 and Figure 3).


Table 2 | Harmful effects of testosterone in COVID-19.






Figure 3 | The harmful effects of testosterone in SARS-CoV-2 infection. Dihydrotestosterone from testosterone leads to immunosuppression and increases expression of Dipeptidyl peptidase 4 (DPP4), cluster differentiation 147 (CD147), and Transmembrane protease serine 2 (TMPRSS2). Also, Dihydrotestosterone increases activity of Angiotensin II (AngII). CD147 and DPP4 increase entry of SARS-CoV-2, while TMPRSS2 facilitates SARS-CoV-2 entry. Immunosuppression reduces viral clearance that increases SARS-CoV-2 entry. These changes lead to cytopathic effects with release of pro-inflammatory cytokines with subsequent development of acute lung injury (ALI), acute respiratory distress syndrome (ARDS), and testicular injury.






Conclusion

Testosterone hormone has diverse immunological effects; it reduces B- and T-cell activity with a noteworthy inhibitory effect on macrophage and monocyte activities. Therefore, testosterone has an immunosuppressive effect subjecting male sex for various viral infections including SARS-CoV-2. In the COVID-19 era, different reports, retrospective, and small sample size prospective studies revealed that testosterone serum might correlate with COVID-19 severity and poor clinical outcomes. However, other studies illustrated that testosterone has a protective effect against COVID-19 severity through inhibition of inflammatory signaling pathways including NF-κB, NLRP3 inflammasomes, and p38MAPK. Also, testosterone attenuates oxidative stress-induced endothelial dysfunction and associated coagulopathy, a hallmark of COVID-19.

In the present review, depending on the recent published studies, we divided testosterone effects into beneficial and harmful effects. The beneficial effect of testosterone in COVID-19 is mediated through modulation of the pro-inflammatory/anti-inflammatory axis with inhibition of SARS-CoV-2-induced oxidative stress. Besides, testosterone attenuates development of ALI and ARDS in SARS-CoV-2 and other respiratory viral infections. The harmful effect of testosterone in COVID-19 is mediated by different unidentified mechanisms, although increased expression of TMPRSS2, DPP4, and CD147 by testosterone might be the potential mechanism. These receptors together with TMPRSS2 facilitate entry of SARS-CoV-2 to the affected cells with subsequent cytopathic effects and release of pro-inflammatory cytokines. Moreover, an increase in androgen sensitivity due to polymorphism of androgenic receptors might be a more important mechanism in the prediction of COVID-19 severity than testosterone serum levels.

On the other hand, a low testosterone serum level in COVID-19 patients might be due to direct testicular injury by SARS-CoV-2 or indirectly by the high level of pro-inflammatory cytokines. In addition, SARS-CoV-2-induced oxidative stress may affect testosterone metabolism and action. We suggest that disturbance of the hypothalamic–pituitary–gonadal axis by SARS-CoV-2 infection and associated inflammatory disorders could be the possible mechanism for low testosterone in COVID-19.

However, the assorted view of preponderance showed that low testosterone level is linked to COVID-19 severity. In addition, high inflammatory and oxidative stress burden with downregulation of ACE2 in SARS-CoV-2 infection may lead to testicular injury and reduction of testosterone biosynthesis. Despite these findings, the present study cannot conclude the beneficial or harmful effects of testosterone in COVID-19. Clinical trials and large-scale prospective studies are warranted to confirm the potential associations in this regard.
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The coronavirus disease (COVID-19) is caused by a positive-stranded RNA virus called severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2), belonging to the Coronaviridae family. This virus originated in Wuhan City, China, and became the cause of a multiwave pandemic that has killed 3.46 million people worldwide as of May 22, 2021. The havoc intensified with the emergence of SARS-CoV-2 variants (B.1.1.7; Alpha, B.1.351; Beta, P.1; Gamma, B.1.617; Delta, B.1.617.2; Delta-plus, B.1.525; Eta, and B.1.429; Epsilon etc.) due to mutations generated during replication. More variants may emerge to cause additional pandemic waves. The most promising approach for combating viruses and their emerging variants lies in prophylactic vaccines. Several vaccine candidates are being developed using various platforms, including nucleic acids, live attenuated virus, inactivated virus, viral vectors, and protein-based subunit vaccines. In this unprecedented time, 12 vaccines against SARS-CoV-2 have been phased in following WHO approval, 184 are in the preclinical stage, and 100 are in the clinical development process. Many of them are directed to elicit neutralizing antibodies against the viral spike protein (S) to inhibit viral entry through the ACE-2 receptor of host cells. Inactivated vaccines, to the contrary, provide a wide range of viral antigens for immune activation. Being an intracellular pathogen, the cytotoxic CD8+ T Cell (CTL) response remains crucial for all viruses, including SARS-CoV-2, and needs to be explored in detail. In this review, we try to describe and compare approved vaccines against SARS-CoV-2 that are currently being distributed either after phase III clinical trials or for emergency use. We discuss immune responses induced by various candidate vaccine formulations; their benefits, potential limitations, and effectiveness against variants; future challenges, such as antibody-dependent enhancement (ADE); and vaccine safety issues and their possible resolutions. Most of the current vaccines developed against SARS-CoV-2 are showing either promising or compromised efficacy against new variants. Multiple antigen-based vaccines (multivariant vaccines) should be developed on different platforms to tackle future variants. Alternatively, recombinant BCG, containing SARS-CoV-2 multiple antigens, as a live attenuated vaccine should be explored for long-term protection. Irrespective of their efficacy, all vaccines are efficient in providing protection from disease severity. We must insist on vaccine compliance for all age groups and work on vaccine hesitancy globally to achieve herd immunity and, eventually, to curb this pandemic.
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1. Introduction

Coronaviruses are named after the crown-like spikes present on their outer surfaces. Out of seven known human coronaviruses (HCoVs), four viruses, HCoV-229E (alphacoronavirus genus), HCoV-NL63 (alphacoronavirus genus), HCoV-OC43 (betacoronavirus genus), and HCoV-HKU1 (betacoronavirus genus), cause mild upper respiratory tract disease in adults. However, SARS-CoV and Middle East respiratory syndrome coronavirus (MERS-CoV) caused pandemic in 2002–2003 and 2012, respectively (Zeng et al., 2018; Chakraborty et al., 2020). The SARS-CoV-2, a seventh member of the HCoV family, is an etiological agent of the COVID-19 pandemic as announced by WHO on March 11, 2020 (Cucinotta and Vanelli, 2020). Surprisingly, all pandemic-causing HCoVs, including SARS-CoV-2, belong to the betacoronavirus genus and are zoonotic in nature (Mackenzie and Smith, 2020; Piret and Boivin, 2021).

In light of the evolutionary linkages of SARS-CoV-2, its genomic structures coincide with other HCoVs in the range of 65.04% to 82.45% with SARS-CoV showing the highest similarity (Gorbalenya et al., 2020; Nakagawa and Miyazawa, 2020). SARS-CoV-2 is extremely infectious and transmissible due to its high propensity for attaching to angiotensin-converting enzyme-2 (ACE-2) receptors of the host cells, resulting in its quick spread from the epicenter in Wuhan, China, to more than 200 countries worldwide. It can be transmitted directly by contacting an infected person’s respiratory droplets or indirectly by coming into contact with anything used or touched by an infected person (Kanamori et al., 2020). COVID-19 symptoms include anything from a simple respiratory infection to severe pneumonia, acute respiratory distress syndrome (ARDS), hypoxia, multiorgan failure, and death. Additionally, lymphopenia is also reported in a meta-analysis study of COVID-19 patients and is linked with a higher mortality, ARDS, severe clinical symptoms, and ICU admission. It is recorded that patients who died from COVID-19 had significantly lower lymphocyte counts than survivors (Ruan et al., 2020). Because of the similitudes with SARS-CoV, the international committee on taxonomy of viruses named the novel virus SARS-CoV-2 (Gorbalenya et al., 2020; Kumar et al., 2021). SARS-CoV-2 is a spherical or pleomorphic wrapped particle containing single-stranded positive-sense RNA associated with a nucleoprotein inside a capsid (Mousavizadeh and Ghasemi, 2021). The envelope provides a platform for club-framed glycoprotein projections. Some coronaviruses additionally contain a hemagglutinin-esterase protein (HE). The RNA genome of size around 30 kb encodes 16 nonstructural proteins (Nsp1 to Nsp16) and four structural proteins named spike (S), envelope (E), membrane (M), and nucleocapsid (N) (Figures 1A, B). Open reading frame (ORF)1ab (265-21555 bp) encodes polyproteins PP1ab (codes for Nsp1 to Nsp16) or shorter proteins (PP1a; codes for Nsp1 to Nsp11), depending on a 1 ribosomal frameshift event. The polyproteins are cleaved either by papain-like proteinase protein (PLpro) or main protease (Mpro) to yield 16 nonstructural proteins (Gioia et al., 2020). Out of the 16 nonstructural proteins, PLpro (Nsp3), 3C-like proteinase (Nsp5, Mpro), RNA-dependent RNA polymerase (Nsp12, RdRp), helicase (Nsp13), endoRNAse (Nsp15), 2’-O-Ribose-Methyltransferase (Nsp16), and other nonstructural proteins show similarity with other coronaviruses. However, the remaining 3’ genome codes for S (~180 kDa glycoprotein), E (9-12 kDa protein), M (23-35 kDa protein), and RNA binding basic N protein (~45.6 kDa). Apart from structural proteins, the 3’ end also encodes nine accessory proteins, Orf3a, Orf3b, Orf6, Orf7a, Orf7b, Orf8, Orf9b, Orf9c, and Orf10, and these proteins are involved in viral replication, assembly, and egress; they also have the potential to serve as antigens (Michel et al., 2020). The S protein trimerizes to provide the viral crown structure, making it a highly exposed protein of the virus. Thus, the trimeric S antigen is a major protective antigen that elicits highly potent neutralizing antibodies (Yang et al., 2020). The spike protein is 1273 amino acid glycoprotein mainly composed of two major subunits: S1 (aa 14-685) and S2 (aa 686-1273). At the N terminal of the S1 subunit, there is a signal peptide (SP; aa 1-13); the S1 subunit contains the N terminal domain (NTD, aa 14-305) and receptor binding domain (RBD; aa 319-541), and the RBD contains RBM (aa 437-508) and a C terminal domain (CTD) (Figure 1). The RBD of the S1 subunit binds to the ACE-2 receptor of the host cell. However, the S2 subunit responsible for fusion and entry have fusion peptides (FP; aa 788-806), heptapeptide repeat sequence-1 (HR-1; aa 912-984), HR-2 (aa 1163-1213), transmembrane domains (TM; aa 1213-1237), and cytoplasmic tail (CP; aa 1237-1273) domains (Figure 1B). Based on the important role of the spike protein in viral transmission, most of the vaccines, including adenovirus-, mRNA-, and DNA-based candidates, are generating neutralizing antibodies against the spike protein to block viral entry (Figure 1C) (De Haan et al., 1998). On the other hand, the inactivated virus provides all the antigens; hence, the immune responses developed in vaccinated individuals are not only against the spike but against numerous viral antigens as well. Other than the S protein, the N, M, nonstructural proteins (nsps) and accessory proteins may also have antigenic potential to serve as a candidate vaccine (Blanco-Melo et al., 2020). In fact, promising antigenic determinants (epitopes) in M, N, and S proteins, 4, 8, and 13 epitopes, respectively, have been identified using an extensive immuno-informatics analysis of SARS-CoV-2 proteins. Among these, M protein (165–181 and 306–322), N protein (314–330), and S protein (817–833, 891–907, 897–913, and 1182–1209) were found to be nonallergenic and nontoxic and have a low chance of producing autoimmune reactions in 87% of the world’s population (Mukherjee et al., 2020). These antigens could be used for developing effective candidate vaccines against SARS-CoV-2.




Figure 1 | SARS-CoV-2 genome, encoded proteins, and basic mechanism of virus fusion and entry. (A) Illustration of the SARS-CoV-2 genome that is around 30 kb in size and has a 5’ cap and 3’ poly A tail. (B) SARS-CoV-2 proteins: nonstructural proteins (Nsp), ORF1a, and ORF1b (Nsp1-Nsp16) and structural proteins such as spike (S), envelope (E), membrane (M), and nucleocapsid (N) with spike protein having 1273 aa (~180 kDa) containing signal peptide (SP), N-terminal domain (NTD), receptor binding motif (RBM) in receptor binding domain (RBD), fusion peptide (FP), heptad repeat (HR)-1, HR-2, transmembrane domain (TM), and cytoplasmic tail (CP) domains. There are accessory proteins Orf3; Orf6,7,8,9; and Orf10 located in between the S, E, M, and N proteins. (C) The spike protein subunit 1 (S1; aa 14-685) of SARS-CoV-2 consists of the RBD domain divided into two parts: S1 N-terminal domain (S1-NTD) and S1 C-terminal domain (S1-CTD) and spike protein subunit 2 (S2; aa 686-1273) containing TM and CP domains. S1-CTD interacts with the angiotensin-converting enzyme-2 (ACE-2) receptor of host cells and facilitates fusion and entry of virus. The neutralizing antibody against S1-CTD blocks the entry of the SARS-CoV-2 into host cells. ORF1a; Open reading frame 1a, ORF1b; Open reading frame 1b, aa; Amino acid.



In response to the outbreak, rapid diagnostics, speedy therapy, and vaccine research and development (R&D) are critical to curb the pandemic and prevent new viral outbreaks (Liu et al., 2020; Goel et al., 2021; Khan et al., 2021). Many attempts have been carried out on various platforms to develop a vaccine against SARS-CoV-2 (Callaway, 2020). Around 284 different candidate vaccines against COVID-19 are in development and are in the race to be introduced in the market after their successful phase III trials with prophylactic and safety data (WHO, 2021a). Due to the great impact on the lives of people and the economy from COVID-19, various vaccines got emergency approval after or before phase III trials (Tables 1, 2). Currently, various platforms, e.g., nucleic acid (RNA/DNA), attenuated live, protein subunit, viral vector, whole virus inactivated, and VLP-based vaccines are being used to develop a safe and prophylactic vaccine against SARS-CoV-2 (Figures 2A–G). The vaccines by Pfizer, Moderna, Oxford/AstraZeneca (Vaxzevria/Covishield), Bharat Biotech (Covaxin), Gamaleya (sputnik V), Sinopharm, and Sinovac are in the market (Table 2) (Bos et al., 2020; Logunov et al., 2020a; Logunov et al., 2020b; Baden et al., 2021; Pfizer-Biontech, 2021; Voysey et al., 2021). However, detailed phase III clinical trial–based vaccine efficacy and safety data remain elusive for some approved vaccines and many candidates that are now under clinical trials (Figure 3 and Table 2).


Table 1 | Platform of COVID-19 Vaccine.




Table 2 | List of marketed vaccines against SARS-CoV-2.






Figure 2 | Strategies being utilized to develop vaccine candidates against SARS-CoV-2: A concise overview of various aspects of the SARS-CoV-2 vaccine development process varying from traditional to novel platforms. (A) Attenuated live pathogen vaccine: A debilitated (infection incompetent) form of the live pathogen obtained by lengthy cell culture passaging in nonhuman cell lines or animals are administered. (B) Protein subunit vaccines are prepared from either antigen purification of pathogens replicated in cell cultures or recombinant expressed antigens. (C, D) Nucleic acid vaccines: mRNA (C) or DNA (D) codifying for an immunogenic protein of the pathogen express and present the antigen in antigen-presenting cells. The mRNA is mixed with nanoparticles or other stabilizing agents, and DNA is inserted in a vector. (E) Viral vector vaccines: Recombinant viral vectors are produced by genetic manipulation of measles or the adenoviral platform to express the antigen of interest. (F) Inactivated pathogen vaccines contain the whole pathogen that has been subjected to heat or chemical treatment for inactivation. (G) Virus-like particles vaccines: These are virus-like particles (20–200 nm) assembled and released by many baculoviruses or the mammalian expression system, e.g., recombinant yeast cells, vaccinia virus expression system, or even tobacco plants transfected with tobacco mosaic virus platform.






Figure 3 | Summary and number distribution of candidate vaccines in preclinical and clinical trials: (A) Clinical stages of candidate vaccines: Number of vaccines under clinical (depicted by orange color; 100) and preclinical development (depicted by blue color; 184). (B) Candidate vaccines of different platforms under clinical trial from bottom to top: Protein Subunit, VVnr, DNA, Inactivated Virus, RNA, VVr, VLP, BVr, LAV, Cell based and LABv with their respective candidate vaccine numbers. (C) Candidate vaccines of various platforms and their numbers under clinical phase 1, 2, or III: Phase-wise distribution along with the numbers in the platform used are marked in the bar graph. (D) Summary of various vaccines’ clinical trial status is presented in the graph: Vaccine production from inception to commercialization is a prolonged process that requires multiple clinical trials, some of which have failed due to adverse effects.



To instigate the immune response, the protein antigens are achieved either by direct injecting protein subunit vaccines or by expression of genetic material delivered through viral or nonviral vectors into muscle cells (Figures 4A, B). Apart from antigens, the vaccine preparations also contain low toxic preservatives, such as 2-phenoxyethanol, to prevent vaccine contamination. The stabilizers, e.g., sugars (lactose, sucrose), amino acids (glycine), gelatin, or proteins, are used to prevent chemical reactions to achieve vaccine stability. Surfactants prevent clumping to keep the vaccine components homogeneous, and diluents (mostly distilled water) are used to achieve desired antigen concentration. Aluminum salts, such as aluminum phosphate, aluminum hydroxide, or potassium aluminum sulfate could be used as an adjuvant to enhance immune response. Vaccines may also contain traces of compounds used during vaccine manufacturing (https://www.who.int/news-room/feature-stories/detail/how-are-vaccines-developed).




Figure 4 | Overview of immune response elicited by various vaccine candidates. When administered into skin or muscle cells (A), the nucleic acid expresses and codes for an immunogenic protein that mimics viral infection (B). (C–E) Humoral responses: Antigens produced by skin/muscle cells are released in blood to activate the antibody response; antigen recognition by naïve B cells (C) leading to clonal selection and plasma cell (antibody secreting B cells) formation (D) and eventually production of long-lasting memory B cells (E). (F) Antigen processing and presentation: The antigen produced by skin/muscle cells are captured by antigen-presenting cells (APCs; dendritic cells or macrophages) for processing and presented by MHC-II or MHC-I molecules on their surface. (G–I) CD4+T helper cells effector and memory response: The presented MHC-II molecule and antigen complex on APCs recognized by TCR and CD4 molecules on CD4+ Th cells (G) leading to production of effector CD4+ Th cells (H), which produce sufficient levels of cytokines (Th2 cells produce TH2 cytokines IL-4 or IL-10 for humoral response and Th1 cells produce IL-12, IFN-Y for CTL response), and eventually, long-lasting memory CD4+ cells are generated (I). (J–L) CD8+T helper cells effector and memory response: The presented antigen and MHC-II molecule complex on APCs recognized by TCR and CD8 molecules on CD8+ T cells (J) leading to production of effector CD8+T cells also known as cytotoxic T lymphocytes (CTL), which are responsible for killing the infected or self-altered cells (K), and finally, long-lasting memory CD8+T cells are generated (L). All memory cells provide long-lasting, heightened, and antigen-specific responses upon future infections.



Antigens in the circulatory system are recognized by antibodies on B cells, leading to isotype switching and antibody secreting plasma cell formation in germinal centers of secondary lymphoid organs. Some of the antibodies are capable of neutralizing the virus (neutralizing antibodies), which is crucial for clinical outcome (Figures 4C, D). Eventually, memory B cells are generated to withstand the onslaught of future infections (Figure 4E). The T cells, on the other hand, recognize antigens presented on (major histocompatibility complex) MHC-I or MHC-II of antigen-presenting cells (APCs) to activate CD8+T or CD4+T cells, respectively (Figure 4F). The activated helper T (effector CD4+T) cells secrete Th1 or Th2 cytokines for cell-mediated or humoral immune response against the pathogen (Figures 4G, H). However, the activated CD8+T cells develop into cytotoxic T cells responsible for the killing of infected cells (Figures 4J, K). Both CD4+ and CD8+ T cells develop a central memory response (Figures 4I, L). Most immunizations require booster doses to strengthen the immunological response induced by vaccines (Figure 5). A recent study suggests that S, M, and N proteins were strongly and nsp3, nsp4, and ORF8 were partially able to activate CD4+ T cells. On the other hand, the SARS-CoV-2 M and S proteins were strongly recognized by CD8+ T cells, and other antigens, such as nsp6, ORF3a, and the N protein, also showed significant reactivity (Grifoni et al., 2020).




Figure 5 | Antibody response to first, second, and probable third/annual booster dose of COVID-19 vaccination or infection: Initially, just after the first immunization, the vaccine does not elicit sufficient neutralizing antibody to prevent the infection of SARS-CoV-2. Upon administration of the second booster dose of vaccine, the vaccine elicits a stronger neutralizing antibody response with high titer that could prevent the infection efficiently. In some cases, third or annual boosters are required to revive the immune response against the pathogen.



The Wuhan strain of SARS-CoV-2 has undergone various mutations, resulting in B.1.1.7/alpha (United Kingdom), B.1.351/beta (South Africa), P.1/gamma (Brazil), B.1.617/delta (India), B.1.429 and B.1.427/epsilon (United States/California), B.1.525/eta (United Kingdom, Nigeria), P3/theta (Philippines), B.1.526/lota (United States/New York), B.1.617.1/kappa (India) and C.37/lambda (Peru) lineages (https://www.gisaid.org/hcov19-variants/). The complexity in the immune response elicited during COVID-19 infection and the probability of genomic changes render a huge challenge for the scientific fraternity regarding vaccines in the market and those under development. Cutting-edge strategy needs to be adapted to achieve a prophylactic vaccine against this dreadful virus. To achieve the aim of limiting the pandemic, we address the various vaccine types, their components, immune responses against various strains, hurdles, and future challenges.



2. Strategies Utilized in COVID-19 Vaccine Development

There are various strategies being utilized worldwide for vaccine development. An example of some of the forms of SARS-CoV-2 vaccine candidates and concepts are presented in Figure 2. Apart from emergency authorized vaccines for COVID-19, there are 100 candidate vaccines in the clinical evaluation phase, and 184 vaccines are in the preclinical evaluation stage (WHO, 2021a). These vaccines are being developed in various countries around the globe, including the United States, Germany, Austria, the United Kingdom, China, Australia, France, India, and Hong Kong (WHO, 2020). Development of efficacious and safe vaccines is urgently needed to curb the current pandemic. Vaccine developers must guarantee that people of all age groups, including with comorbidities, such as asthma and diabetes, can receive the COVID-19 vaccine as these categories of patients are at particularly high risk. It is, therefore, important to determine the level of safety provided by the vaccines, and patients may require more than one dose of the vaccine to preserve continued immunity to the virus. The production of a vaccine against SARS-CoV-2 is a challenging task due to many problems faced during the design phase. A variety of methods, including next-generation and traditional approaches, are being used to develop the vaccines, each one with different advantages and disadvantages (Table 2). The basic mechanism and details of immunological responses induced by different vaccines are shown in detail in Figure 4. Also, the predicted antibody response to first, second, and probable booster doses of the COVID-19 vaccination are represented in Figure 5. Live attenuated coronavirus vaccines provide the best protection, but their clearance is hampered by biosafety concerns. In contrast, inactivated coronavirus vaccines perform well in primate models and up to preclinical levels (Lundstrom, 2020). Because the immune systems of elderly people vary from those of healthy middle-aged adults, they sometimes do not respond equally well to immunization. Overall, there is no such thing as “one size fits all.” In general, we hope that adjuvants can aid ongoing vaccination campaigns across the world. Adjuvants are important for eliciting a stronger, long-lasting, and broader immune response, especially in people with compromised immune systems. Figures 3A–C shows the number of coronavirus vaccines in the preclinical and clinical stages based on the various platforms accessible and in a phase-by-phase approach. Figure 3D summarizes the coronavirus vaccine and the time it takes from development and preclinical testing, need to pass through phase 1, 2, and 3 trials. Few vaccines have been dropped because of their inability to induce a robust immune response, owing to negative side effects.


2.1. Inactivated Vaccine

Various vaccines for viral and bacterial diseases, including pertussis, rabies, hepatitis A, influenza, polio, and Japanese encephalitis, are based on an inactivated form of the vaccines. Usually, they do not provide protection as strong as live vaccines and require booster shots. Sixteen inactivated vaccines of SARS-CoV-2 are in advanced clinical trials. Bharat Biotech Covaxin (BBV152) is an inactivated COVID-19 vaccine being used in India. These vaccines require a BSL-3 facility for large-scale virus propagation, rendering this platform the most time-consuming and difficult. However, the benefit of using this platform is a multiple antigen-based vaccine that remains helpful in any viral mutation on a single protein. These inactivated vaccines lead to a strong neutralizing antibody response and give a more potent CD4+ Th1 cell response as compared with CD8+ T cells.



2.2. Live Attenuated Vaccine

Live vaccines are made from attenuated or weakened forms of the pathogen to stimulate a strong and long-lasting neutralizing antibody response along with both CD4+ T helper and CD8+ T cell mediated immunity by mimicking natural infection. However, extensive safety studies are required, and it could not be given to immunocompromised individuals. Currently, live attenuated vaccines are being used for rotavirus; chickenpox; yellow fever; and measles, mumps, and rubella. There are several benefits of a live-attenuated vaccine, including mounting an immune response to multiple virus antigens and the capacity to scale for mass production. The COVI-VAC, currently in clinical phase I trial, is a single-dose, intranasal, live-attenuated vaccine generated using Codagenix’s proprietary deoptimization technology in collaboration with the Serum Institute of India.



2.3. Viral Vector

Viral vector vaccines make use of a modified version of the pathogenic virus as a vector to provide immunity. Scientists all over the world are attempting to produce a COVID-19 vaccine dependent on replicating viral vectors, such as damaged measles, while others are focusing on nonreplicating viral vectors, such as adenovirus.


2.3.1. Replicating

Three candidates from the replicating viral vector platform and two based on replicating viral vectors along with artificial APCs have reached the clinical phase. When cells are infected with the replicating viral vector vaccine, it not only produces a vaccine antigen, but it also produces more viral particles that can infect another cell. DelNS1-2019-nCoV-RBD-OPT1 is an intranasal spray vaccine based on the H1N1 influenza A virus. The dose is given twice, 28 days apart. It is currently being evaluated in a phase II clinical trial. A vaccine candidate developed by the Israel Institute for Biomedical Research makes use of recombinant vesicular stomatitis virus, in which the VSV-G protein is replaced with the SARS-CoV-2 S protein, creating a recombinant replicating virus. The candidate has reached phase I/II clinical trials for safety and efficacy evaluation.



2.3.2. Nonreplicating

Nonreplicating viral vaccines are not able to produce new viral particles and are only involved in production of the vaccine antigen. Fifteen nonreplicating viral vector vaccines and one with an artificial APC is being evaluated in human clinical trials. CanSino Biologics and the Beijing Biotechnology Institute developed the novel coronavirus vaccine (adenovirus type 5 vector) candidate (Ad5-nCoV), and it has now been authorized and made accessible as a marketed vaccine. The vaccine candidate is based on the adenovirus-based viral vector vaccine technology framework of CanSinoBIO, which was previously used to successfully produce the globally groundbreaking Ebola virus infection vaccine (Zhao et al., 2020b). The neutralizing antibody response mediated by such vaccine platforms is determined by preexisting anti-vector immunity with enhanced CD4+ Th1 cell response and potent CD8+ T cell response.




2.4. DNA-Based Vaccine

The DNA-based vaccine, also known as the third-generation vaccine, contains DNA encoding specific proteins or antigens of the pathogen. Ten DNA vaccine candidates are in human clinical trials, and 16 are in preclinical trials. The proteins encoded by the DNA are translated into host cells, which are identified as a foreign material by the host immune system, thus inducing an immune response. INOVIA Pharmaceuticals, a biotechnology company, is currently focused on developing a DNA vaccine, which is in phase 2/3 clinical testing in the United States for COVID-19. Using INOVIO’s patented DNA medicine platform, INO-4800 was developed quickly after the genetic sequence of the coronavirus causing COVID-19 was released. A DNA-based vaccine that can be administered by a nasal spray is being produced by researchers at the University of Waterloo, Ontario, Canada. The vaccine operates using engineered bacteriophage, a process that enables the vaccine to activate the immune response in the lower respiratory tract of the nasal cavity and target tissues (WaterlooNews, 2020). DNA-based vaccines provide a sufficient neutralizing antibody response along with the CD4+ Th1 cell response. However, the CD8+ T cell response is less robust (Prompetchara et al., 2021).



2.5. RNA-Based Formulation

New technology is based on RNA, by which an mRNA-encoding pathogen’s proteins or antigens are used to elicit an immune response. Sixteen vaccine candidates based on mRNA formulation are being tested in the clinical phase. The mRNA-1273 is a novel lipid nanoparticle (LNP)-encapsulated mRNA-based vaccine that encodes for a full-length, prefusion stabilized spike (S) protein of SARS-CoV-2. Candidates for the vaccine include nucleoside modified mRNA (modRNA), mRNA-containing uridine (uRNA), and self-amplified mRNA (saRNA). An LNP formulation is combined with any mRNA format. These vaccine candidates for COVID-19 contain either the larger spike sequence or the smaller optimized RBD of the spike protein. The vaccines based on mRNA give an adequate neutralizing antibody response although the Th1 and Th2 cell response depends on the adjuvant used.



2.6. Protein Subunit Vaccine

A protein subunit vaccine uses protein fragments of the pathogen to elicit an immune response instead of introducing the whole pathogen. Currently, it is being used for hepatitis B, human papilloma virus (HPV), whooping cough, pneumococcal disease, meningococcal disease, and shingles. These vaccines provide a strong immune response against a particular antigen of the pathogen and are safe for all recipients, including individuals with a weakened immune system. Thirty-one such candidates are being assessed in human clinical trials before being available to the general population. Although some researchers want to inject coronavirus proteins directly into the bloodstream, it is also conceivable to employ protein fragments or protein shells that look like the coronavirus’s outer coat. Scientists and researchers are developing vaccines for viral protein subunits, the majority of which focus on the virus’s spike protein or a central portion known as the RBD. ExpreS2ion, a biotech company, uses its clinically validated Drosophila S2 insect cell expression system, ExpreS2, to produce SARS-CoV-2 viral antigens in the clinically validated cell lines. The goal is to generate and test vaccine antigens in mice to demonstrate immunogenicity and efficacy in vitro. The vaccine is in preclinical trials now. Protein subunit vaccines are well recognized for eliciting a strong neutralizing antibody response; however, the Th1 and Th2 cell response is influenced by the adjuvant employed.



2.7. Virus-Like Particle Vaccine

Virus-like particles (VLPs) are protein-based vaccines that stimulate high immune responses due to VLPs’ repetitive structures. These molecules mimic viruses but do not contain any viral genetic material and are not infectious. They are a very effective way of creating vaccines against diseases such as HPV, hepatitis B, malaria, and many more. There are five VLP-based vaccine candidates currently being evaluated in human clinical trials against SARS-CoV-2. The RBD SARS-CoV-2 HBsAg VLP vaccine is a subunit vaccine that uses RBD in a SARS-CoV-2 S protein conjugated with the hepatitis B surface antigen to stimulate the immune system to produce the anti-RBD antibody. The Central Committee on Research Involving Human Subjects in the Netherlands has approved an ABNCoV2 capsid virus-like particle–based COVID-19 vaccine developed by AdaptVac, a PREVENT-nCoV consortium member. The candidate vaccine is in phase I/II of study.




3. Approved COVID-19 Vaccines

Several COVID-19 vaccines have shown greater than 90% efficacy in preventing COVID-19 infections. A handful of vaccinations are presently authorized by both the national regulatory body and WHO. Some vaccines are in the process of being approved by WHO (WHO, 2021c).


3.1. Pfizer-BioNTech (BNT162b1 and BNT162b2)

The first time mRNA has been used as a vaccine platform was initially established by the Weissman group to develop a zika virus vaccine (Pardi et al., 2017). Pfizer-BioNTech developed BNT162b1 and BNT162b2 vaccines against SARS-CoV-2. BNT162b1 is a SARS-CoV-2 spike protein RBD encoding modified messenger RNA (mRNA) incorporating 1-methyl-pseudourine, which dampens innate immune sensing to induce mRNA translation. The RBD antigen is modified by the addition of a T4 fibritin-derived “foldon” trimerization domain to increase its immunogenicity by multivalent display (Mulligan et al., 2020). The other candidate, BNT162b2, encodes the full-length SARS-CoV-2 spike protein with two proline changes that lock it in the prefusion conformation and make it more closely mimic the intact virus to elicit prominent virus-neutralizing antibodies. Apart from mRNA (30 μg), the Pfizer-BioNTech vaccine includes lipids and cholesterol, potassium chloride, monobasic potassium phosphate, sodium chloride, dibasic sodium phosphate dihydrate, and sucrose. Storage is -70°C to -80°C; later, as an alternative, -25°C to -15°C was advised for 2 weeks (Polack et al., 2020). The European Medicines Agency (EMA) as a National Regulatory Authority (NRA) approved it, and later it was approved by WHO after evaluating the data on clinical trials (www.pfizer.com).



3.2. Moderna (mRNA1273)

The Moderna COVID-19 (mRNA1273) vaccine is a sterile, preservative-free, frozen suspension for intramuscular injection comprising the following ingredients: mRNA, lipids (SM-102, 1,2-dimyristoyl-rac-glycero tromethamine, tromethamine hydrochloride, acetic acid, sodium acetate, and sucrose), PEG2000-DMG, cholesterol, and 1,2-distearoyl-snglycero-3-phosphocholine [DSPC] (Moderna, 2021) (www.modernatx.com). The Moderna vaccine currently is licensed by EMA as well as WHO based on experimental evidence. It is a SARS-CoV-2 glycoprotein S-2P with a transmembrane anchor and an intact S1-S2 cleavage site, antigen-encoding, mRNA-based vaccine. The S2-P is stabilized in its prefusion conformation by 986 and 987 position proline substitutions at the top of the central helix in the S2 subunit. The lipid nanoparticle capsule, composed of four lipids, was formulated in a fixed ratio of mRNA and lipid. The dose is given intramuscularly in two doses 4 weeks apart. It can be stored in refrigerators for 30 days and at -20°C for 6 months. Primary efficacy analysis of the phase-III COVE study of mRNA-1273 involved 30,000 participants, including 196 cases of COVID-19, of which 30 cases were severe. Vaccine efficacy against COVID-19 was 94.1%, and vaccine efficacy against severe COVID-19 was 100%. mRNA-1273 continues to be generally well tolerated with no serious safety concerns identified to date (Baden et al., 2020).



3.3. Covaxin

Bharat Biotech’s Covaxin gained certification from the Drugs Controller General of India as an NRA, and it is currently under consideration by WHO for possible approval. This vaccine is developed by Bharat Biotech, India, using a coronavirus sample isolated from an asymptomatic patient (strain: NIV-2020-770) by the National Institute of Virology, India (Bharat Biotech, 2021a). It falls under the inactivated whole virion vaccine category that uses adjuvant Alhydroxiquim-II to boost immune response for long-lasting immunity. It contains 6 µg of whole-virion inactivated SARS-CoV-2 antigen and 250 µg aluminum hydroxide gel, 15 µg TLR 7/8 agonist (imidazoquinolinone), 2.5 mg TM 2-phenoxyethanol, and phosphate buffered saline up to 0.5 ml (https://www.bharatbiotech.com). The phase I and II clinical trials were conducted on 800 subjects, and the results demonstrated that the vaccine is safe and induced a robust immune response. The phase III study enrolled 25,800 participants between 18 and 98 years of age, including 10% over the age of 60, with analysis conducted 14 days post second dose. According to phase III analysis of Covaxin on 127 symptomatic cases, the vaccine showed a point estimate of 81% vaccine efficacy against mild and moderate COVID-19 disease. The efficacy against severe COVID-19 disease was 100% with an impact on reduction in hospitalizations. The efficacy against asymptomatic COVID-19 infection was 70%, suggesting decreased transmission in Covaxin recipients (Bharat Biotech, 2021b).



3.4. Oxford-AstraZeneca (AZD1222)

The chimpanzee adenovirus vectored vaccine containing the gene for expressing spike protein ChAdOx1-nCoV-19 (AZD1222) is developed by Oxford-AstraZeneca and manufactured by the Serum Institute of India. The vaccine is administered in two separate doses of 0.5 ml each given between 4 and 12 weeks apart and can be stored at temperatures 2°C to 8°C. In India, this vaccine is named Covishield, and it includes L-histidine, L-histidine hydrochloride monohydrate, polysorbate 80, ethanol, sucrose, sodium chloride, disodium edetate dihydride (EDTA), and water for infection. Initially the booster dose was given 4 weeks postimmunization; however, due to a shortage of the vaccine, published date sets allowed the booster dose to be administered 6 to 8 weeks apart. Further studies are required to adapt the best immunization policy for this vaccine. (www.astrazeneca.com). Analysis data from four ongoing blinded, randomized, controlled trials done across the United Kingdom, Brazil, and South Africa showed an overall efficacy of 70.4%; 11,636 participants (7548 in the United Kingdom, 4088 in Brazil) were included in the interim primary efficacy analysis. Participants aged 18 years and older were randomly assigned (1:1) to the ChAdOx1 nCoV-19 vaccine or the control (Voysey et al., 2021).



3.5. Sputnik V by Gamaleya (Gam-Covid-Vac)

Also known as Gam-Covid-Vac, this vaccine was developed by the Gamaleya Research Institute, part of Russia’s Ministry of Health. It is an adenoviral-based vaccine (dual viral vector) that uses a weakened virus, which, in turn, delivers small parts of the pathogen, ultimately stimulating an immune response. The gene encoding S-protein of SARS-CoV-2 is carried via an rAd26 vector (first dose) that provides humoral and cellular immunity, and the rAd5 vector (second dose) induces formation of memory cells. The active components are a modified replication-defective adenovirus of a different serotype modified to include the protein S-expressing gene of SARS-CoV-2. The ingredients include tris-(hydroxymethyl)-aminomethane, sodium chloride, sucrose, magnesium chloride hexahydrate, disodium EDTA dihydrate, polysorbate 80, ethanol, and water. The interim report of the phase III data include results for more than 20,000 participants aged 18 years and older, 75% of whom were assigned to receive the vaccine, and the follow up for adverse events and infection. No serious adverse events considered related to the vaccine were recorded, and vaccine efficacy, based on the numbers of confirmed COVID-19 cases from 21 days after the first dose of the vaccine, was reported as 92% (Logunov et al., 2021) (https://sputnikvaccine.com).



3.6. Sinovac (CoronaVac)

The CoronaVac vaccine was developed by Sinovac using inactive SARS-CoV-2 virus (CZ02 strain) along with aluminum hydroxide, disodium hydrogen phosphate dodecahydrate, disodium hydrogen phosphate monohydrate, and sodium chloride as adjuvant and stabilizing agents. Two doses of the vaccine about 14 to 28 days apart are administered. One main advantage associated with the vaccine developed by Sinovac is that it can be stored at 2°C–8°C. China has approved the Sinovac vaccine for emergency use since July 2020 through the National Medical Products Administration (NMPA), and later, it got approval by WHO. Other countries, such as Indonesia, Turkey, Brazil, and Chile, have also authorized emergency use of this vaccine (http://www.sinovac.com). The phase III trials conducted in Brazil and Turkey evaluated the efficacy of the vaccine candidate in healthcare workers who provide treatment to COVID-19 patients. Both trial studies were randomized, double-blind, and placebo controlled. There were 12,396 health workers over 18 years old enrolled. A total of 253 positive cases were collected during the observation period. After 14 days following vaccination with two doses of the vaccine following a 0-, 14-day schedule, the efficacy rate against diseases caused by COVID-19 was 50.65% for all cases; 83.70% for cases requiring medical treatment; and 100.00% for hospitalized, severe, and fatal cases (Palacios et al., 2020).



3.7. Sinopharm (BBIBP-CorV)

China has approved the Sinopharm multivariant vaccine (Sinopharm’s BBIBP-CorV), which is a WHO approved inactivated virus vaccine. Of the three coronavirus variants obtained from patients in China, the variant that multiplied the most quickly in monkey kidney cells was chosen and was inactivated using chemical beta-propiolactone. It was then treated with an aluminum-based adjuvant to increase its immunogenicity. Unlike the Moderna and Pfizer vaccines, this vaccine is easy to transport and can be stored at 2°C–8°C (BBC News, 2020a). Being multivariant, the immune response induced by the BBIBP-CorV vaccine could not be impacted by a mutation in the virus (http://www.sinopharm.com). According to a China National Biotec Group Company study, more than 40,000 people in the United Arab Emirates and Bahrain aged 18 and above without a known history of COVID-19 participated in the trials. The vaccine showed an efficacy rate of 79% against symptomatic COVID-19 cases with rare serious adverse effects reported (Al Kaabi et al., 2021).



3.8. CanSino (Convidecia)

The CanSino vaccine from China is approved by the NMPA, China, and is in the process of getting approval from WHO. The vaccine developed by CanSino, Ad5-nCoV, is a nonreplicating human adenoviral (Ad5)-based vaccine that expresses a full-length spike glycoprotein of coronavirus. It was originally tested in mice and ferrets and was the first vaccine to enter human trials in March 2020. The phase III trial NCT04540419 with 500 participants determined a single intramuscular shot of 5 × 1010 virus particles proved to be well tolerable and immunogenic (Logunov et al., 2020a). Mexico became the first country to give emergency use approval to this vaccine developed by CanSino Biologics and People’s Liberation Army scientists (http://www.cansinotech.com). CanSino Biologics conducted its phase III trials in Argentina, Chile, Mexico, Pakistan, Russia, and Saudi Arabia with 40,000 participants. The company announced that the interim analysis data of the phase III clinical trial of Convidecia shows that the vaccine candidate has an overall efficacy of 65.28% at preventing all symptomatic COVID-19 disease 28 days after single-dose vaccination and an efficacy of 90.07% at preventing severe disease 28 days after single-dose vaccination (https://www.precisionvaccinations.com/vaccines/convidicea-vaccine).



3.9. Janssen (Janssen COVID-19 Vaccine)

Janssen got licensed from EMA and approved by WHO. The vaccine developed by the Janssen and Prevention BV subsidiary of Johnson and Johnson, the Ad26.CoV.S, is based on human adenovirus Ad26 and expresses the full-length spike protein (Bos et al., 2020). The vaccine contains genetically modified organisms and ethanol derived from corn or vegetables (https://www.janssenmd.com). The vaccine can remain stable for two years at -20°C and a maximum of 3 months at temperatures of 2°C–8°C. The phase III trial was conducted across eight different countries. The U.S. Food and Drug Administration has issued emergency use authorization to this vaccine in individuals 18 years of age and older. In an international, randomized, double-blind, placebo-controlled, phase III trial, Johnson & Johnson randomly assigned adult participants in a 1:1 ratio to receive a single dose of Ad26.COV2.S (5×1010 viral particles) or placebo. In the per-protocol at-risk population, 468 centrally confirmed cases of symptomatic COVID-19 with an onset at least 14 days after administration were observed, of which 464 were moderate to severe–critical (116 cases in the vaccine group vs. 348 in the placebo group), which indicates a vaccine efficacy of 66.9% (Olliaro et al., 2021).



3.10. Novavax (NVX-CoV2373)

Novavax has been licensed by the EMA and is now being reviewed by WHO. The vaccine developed by Novavax is a protein subunit–based vaccine developed by using a SARS-CoV-2 spike protein subunit in its glycosylated form. The vaccine can be stored stably at 2°C–8°C and requires two doses 3 weeks apart. To increase the immune response, it is mixed with Novavax’s patented saponin-based Matrix-M adjuvant (https://www.novavax.com). In the 15,000-subject UK phase III clinical trial (NCT04583995), Novavax saw 56 cases of COVID-19 in the placebo arm and six cases in the NVX-CoV2373 group at the interim analysis, resulting in an overall efficacy of 89.3%. All the cases in the vaccine cohort were mild or moderate. Twenty-seven percent of subjects were aged over 65 years. The company said that 32 of the COVID-19 cases were infected with the B.1.1.7 variant. A post hoc analysis put the efficacy against B.1.1.7 at 85.6% compared with an efficacy of 95.6% versus older variants. The Novavax clinical trials represent the first major controlled clinical tests of how a COVID-19 vaccine performs against the B.1.1.7 and B.1.351 variants. Overall, the results suggest NVX-CoV2373 may be as effective as any prophylactic studied to date against older variants (Shinde et al., 2021).



3.11. Vector Institute (EpiVac Corona)

EpiVac corona got approval from the Russian NRA and currently is in the process to get approval by WHO. The EpiVac corona vaccine uses chemically synthesized peptide antigens of SARS-CoV-2 along with aluminum hydroxide as an adjuvant. The vaccine is administered intramuscularly twice 21–28 days apart (Belta News, 2021). The phase I and II studies tested the safety, side effects, and immunogenicity of the potential vaccine in 100 people aged 18–60, according to the state trials register. The immunological effectiveness of the EpiVac corona vaccine was found to be 100% (Ryzhikov A.B., 2021).



3.12. WIBP/Sinopharm (WIBP-CorV)

Another vaccine by Sinopharm uses a whole inactivated virus. The double-blind, randomized, phase III trial designed by the Wuhan Institute of Biological Products Co., Ltd., and the Beijing Institute of Biological Products Co., Ltd., on 3469 participants, including adults of 18 years and older age without prior known history of SARS-CoV, SARS-CoV-2, or Middle East respiratory syndrome infection (via onsite inquiry) were enrolled, showed an efficacy rate of 72.8% against symptomatic COVID-19 cases (Al Kaabi et al., 2021).




4. Challenges in Vaccine Design

Various precedented and unprecedented hurdles are encountered by designing and manufacturing agencies to develop an effective and prophylactic vaccine against novel viruses. Moreover, for a new vaccine candidate, it takes 10–15 years to be introduced for public use after rigorous and cumbersome clinical trials. Furthermore, most companies are unwilling to engage in vaccine production because vaccine profit margins are incompatible with those for drug development. Here, we discuss various challenges in SARS-CoV-2 vaccine development and propose possible solutions for respective problems (Figure 6).




Figure 6 | Challenges in developing vaccines against SARS-CoV-2 (black color text), their description (red color text) and their possible resolutions (green color text). (A) Mutation in viral genome: The RNA viruses including SARS-CoV-2 are more prone to mutation in their genome, leading to viral immune evasion. (B) Cytokine storm during COVID-19 vaccination: Occasionally, the vaccination may lead to cytokine storm and other complications raised by it. (C) Lack of memory response: Any vaccine provides long-lasting efficacy only because of memory responses of adaptive immunity. No vaccine against SARS-CoV-2 is documented to have established memory response postvaccination. The neutralizing antibody fades away a few months post vaccination. (D) Antibody-dependent enhancements: There is the possibility of an antibody-mediated increase in infection called antibody dependent enhancement.




4.1. Mutation

The novel coronavirus, like other RNA viruses, evolves by multiplying genetic material with higher rates of mutation (Raghuram et al., 2015; Islamuddin et al., 2018), resulting in greater genetic variation over time. Additionally, its capacity to shift genetic material from human to human and mutate in the human body allows it to be more transmissible (Denison et al., 2011). The rise of these variants may impact vaccine development and therapies as they spread throughout the population all over the world (Table 3) within a short span of time. Out of three types of possible mutations—base deletions, insertions, and substitutions—SARS-CoV-2 shows deletion and substitution mutations. Missense mutations account for 34.3%, nonsense mutations for 6.7%, and silent mutations for 0.8% of the SARS-CoV-2 genome (Pathan et al., 2020). Researchers found that a highly variable region of the spike protein in circulating viruses accounts for the top 10% of entropy (rate of mutation). A change in the amino acid in the antigenic part may hamper the neutralizing antibody functionality and could affect the degree of protection by vaccines. Importantly, to prevent the derailing of promising vaccines or antibody-based prophylactics or treatments, it is critical to understand how and whether SARS-CoV-2 may evolve to evade antibody-dependent immunity. Intriguingly, the most variable region in the coronavirus genome is the RBD of the spike protein (Zhou et al., 2020). Greaney et al. (2021b) have performed mutational scanning to detect the possible mutations in the RBD of spike protein that could affect neutralizing antibody functionality. It is, therefore, imperative to consider various clan, variants, and substrains with different mutations to reduce possibilities that will impact vaccine potential. The N439K mutation in RBD is the second most common mutation in RBD and the sixth most common mutation in the spike; it increases the binding affinity of spike with ACE-II twofold because of the salt bridge formed at the binding interface with a positively charged amino acid. This has been observed in more than 30 countries. The variant was first identified in March 2020 in Scotland, and as of January 2021, a second lineage B.1.258 has independently emerged in other European countries (Table 3). The N439K mutation did not change the clinical spectrum of the disease; however, in in vivo studies, the viral loads were increased compared with wild-type viruses with N439 residue. Also, D614G is one of the most prevalent nonsynonymous mutations of the spike protein that dominate the global pandemic (Table 3). The D614G mutation, like the N439K mutation, is shown to enhance viral infectivity in vitro and enhance viral fusion with the ACE2 receptor, but there has been no evidence of a connection between this mutation and disease severity (Hou et al., 2020; Zhang et al., 2020; Groves et al., 2021).


Table 3 | Major SARS-CoV-2 variants.





4.2. Global Variants of SARS-CoV-2

Various mutations, leading to rapidly spreading SARS-CoV-2 variants in the United Kingdom (B.1.1.7), South Africa (B.1.351), India (B.1.617), Brazil (P1), the United States (B1.429), and United Kingdom/Nigeria (B.1.525) strains, propagate even more rapidly, and this could contribute to more cases of COVID-19 (Table 3). It is obvious that a rise in the number of cases would put pressure on healthcare infrastructure and may lead to more fatalities. Current research indicates that antibodies produced by vaccines administered to indigenous people respond to these variants; however, more evidence and research is required to confirm this. In various studies, the mutations or their combinations showed diminished neutralizing activity of serum from mRNA-vaccinated people (Diamond et al., 2021; Zeyaullah et al., 2021).

In addition, there is always a possibility that these mutations may hamper the therapeutic antibody functions and, therefore, impact the efficacy of the vaccines. Furthermore, a human infected with one strain is more likely to become immune to another variant or strain, and if it failed to do so, then it clearly necessitates the development of new vaccination strategies to produce preventive vaccines that can combat the risk of many of these variants.



4.4. Antibody Dependent Enhancements (ADE)

Virus-specific antibodies control infections by neutralizing the virus. However, in ADE, the antibodies may be helpful to the virus by facilitating its entry into the cells through Fc receptors. Some vaccines against dengue and zika viruses are reported to have ADE effects (Khandia et al., 2018). Previously, it is shown that neutralizing antibodies against RBD of MERS-CoV and SARS-CoV facilitated virus entry into Fc receptor−expressing human cells in vitro (Wan et al., 2020). The incidence of SARS-CoV-2 ADE has not yet been proven (Wang et al., 2014; Negro, 2020; Wan et al., 2020). An alternative target to overcome ADE may be the nonsurface proteins, such as the nucleocapsid (N) protein. Because the N protein is not on the virus surface, its antibodies cannot promote virus entry. Despite defensive responses in the hamster model, antibodies elicited by the SARS-CoV vaccine strengthened infection of B cell lines (Li et al., 2018). On the other hand, anti-nucleocapsid antibodies neither neutralized infection nor induced ADE. Therefore, the interaction with Fc receptors of virion-complexed anti-SARS-CoV antibodies can result in both increased viral cell entry and replication and clinically impactful regulation of the local cytokine response. ADE infection has become a major concern for the prevention of diseases by vaccination. ADE response studies should be included for all candidate vaccines as a major safety parameter for approval of the vaccine.



4.5. Immune Evasion by Coronavirus

Studying the immune responses to SARS-CoV-2 and its approaches to immunoevasion enhance our understanding of pathogenesis and viral clearance and lead to the development and assessment of vaccines and immune therapeutics. The subsequent immune reactions, immunopathology, and processes of immune evasion are underevaluated. SARS-CoV-2 has developed various mechanisms to avoid innate immune detection like many other viruses, including low levels of cytosine-phosphate-guanosine (CpG) in the genome, glycosylation to shield the interacting receptor to the host, RNA shielding, and viral protein generation, that effectively hinder a virus. These mechanisms together allow efficient infection and increased viral load. Innate immune evasion is enabled by cap-methylation of viral RNA, and inhibition of steps in the IFN form I/III pathways are included in such evasion. SARS-CoV-2 has established the most severe CpG deficiency of all betacoronaviruses in accordance with other viruses (Xia, 2020), thus preventing ZAP action. The processing of capping the 5’ end is another technique for defending mRNA used by the host and several viruses. Capping restricts degradation and greatly inhibits identification by cytosolic pattern recognition receptors (PRRs) for both host and virus RNA. The post-translational modifications of structural and nonstructural proteins alter the target epitope, leading to compromised vaccine efficacy (Jeyanathan et al., 2020). Importantly, RNA viruses, including SARS-CoV-2, go through frequent mutation to have multiple variants that lead to immune evasion by viruses. This immune evasion makes it difficult to develop efficient vaccines, especially in the case of variants, but it allows the development of multiple epitope-based vaccine candidates, so in case one epitope does not respond, the other could take over and eventually enhance vaccine efficacy.



4.6. Cytokine Storm in COVID-19 Vaccination

Cytokine storm is a deadly, unregulated systemic inflammatory response resulting from the release of large amounts of pro-inflammatory cytokines (IFN-α, IFN-γ, IL-1β, IL-6, IL-12, IL-18, IL-33, TNF-α, etc.) and chemokines (CCL2, CCL3, CCL5, CXCL8, CXCL9, CXCL10, etc.) by immune effector cells in response to SARS-CoV-2 infection. The uncontrolled cytokine response is one of the main mechanisms for ARDS, responsible for mortality in COVID-19 patients (Williams and Chambers, 2014; Min et al., 2016). Similar ARDS-like immunopathology was observed in SARS-CoV and MERS-CoV (Williams and Chambers, 2014). Moreover, individuals with serious MERS-CoV infection display elevated serum levels of IL-6, IFN-α, and CCL-5, CXCL-8, CXCL-10 compared with those with mild-to-moderate disease, comparable to those with SARS-CoV (Coperchini et al., 2020). In extreme cases of SARS-CoV-2 infection, as is the case with SARS-CoV and MERS CoV infections, the cytokine storm forces the immune system to attack the body aggressively, causing ARDS, multiple organ failure, and eventually death. (Xu et al., 2020). The vaccines should be able to suppress cytokine storm or at least hamper its deleterious impact, e.g., the IL-10 and Th-2 cytokine could be helpful in controlling cytokine storm (Costela-Ruiz et al., 2020).

Most of the candidate vaccines for SARS-CoV-2 aim to boost the immune system as much as possible to induce strong immunization. This may lead to uncontrolled cytokine storm among some vaccinated individuals, which may lead to ARDS, one of the most common causes of death in COVID-19 patients. Vaccination in 33 African green monkeys and 200 mice induced protective immunity against SARS-Cov-2. Approximately 7% of monkeys along with 5% of experimental mice showed cytokine storm in their lungs upon post mRNA vaccination challenge by SARS-CoV-2. It seems developing a vaccine for SARS-Cov-2 that can regulate cytokine storm is needed (Farshi, 2020).



4.7. Memory Response Against SARS-CoV-2

The efficacy of a vaccine against the pathogen is confirmed by the memory response at the time of the second or subsequent attack. The reinfection in COVID-19 patients demonstrates a lack of suitable memory response after prior infection probably due to the viral immune evasion strategy. The candidate vaccines should be capable of eliciting B and T cell memory responses. Ironically, any approved vaccine does not have well-established memory response data, and it is imperative that it be deciphered for all candidate vaccines. There are some potential ways for this likely immune memory to be manipulated. For instance, it may be best to use SARS-CoV-2 genes that encode MHC-I epitopes that fit those of common coronaviruses when using RNA for immunization (Kupferschmidt and Cohen, 2020). For the most part, when considering potential strategies for SARS-CoV-2 vaccination, consideration should be given to preexisting MHC-I-based immunity resulting from previous common coronavirus infections. Common human coronaviruses can also induce some MHC-II-mediated immune memory by CD4+ helper T cells with regard to SARS-CoV-2 recognition for shared epitope use by various coronaviruses. CD4+ helper T cells can help stimulate cells involved in cytotoxic immune responses mediated by antibodies or cells. Recent studies also demonstrate that previously SARS-CoV infected patients show long-lasting SARS nucleoprotein (NP)-specific memory T cells displaying cross-reactivity to SARS-CoV-2 NP (Le Bert et al., 2020a). The promiscuous common T cell epitopes, which could elicit both CD4 and CD8+ T cells against SARS-CoV, SARS-CoV-2, and MERS, should be taken into consideration for vaccine development. For all vaccines, the studies should be conducted on vaccine recipient individual samples for detection of long-term protection, specifically memory T and B cells. Additionally, the virus neutralization assay should be performed to detect functional antibodies in the serum of vaccine recipient individuals.



4.8. Animal Model for Vaccine Study

Animals play a crucial role in the development of COVID-19 treatments and vaccines. The race to generate and expand mice for COVID-19 research is going on in the lab. The introduction of a safe and predictable COVID-19 animal model of infection is indeed a welcome development for preliminary antiviral and vaccine evaluations, and it is likely to help researchers understand the immune evasion mechanism adopted by various strains of the virus. The hamster model is not new to corona virology, but it has the ability to offer a more stable and predictable model of infection than murine models (Roberts et al., 2005). In the murine model, hyper-accentuated immune responses after SARS-CoV-2 vaccination have previously been published (Bolles et al., 2011). In addition, transgenic animals are often employed as models in biomedical research in the lab. Genetically engineered animals, mostly mice, account for almost 95% of those utilized. They are the tools for studying the disease susceptibility, progression, and treatment response. Following the discovery of ACE-2 as the SARS-CoV host receptor, there has been a lot of interest in establishing human disease–like mouse models. This resulted in the creation of transgenic mice with human hACE2, K18-hACE2, expressed in the epithelia of tissues and organs, such as the lungs, liver, kidney, spleen, heart, and intestine (Kumar et al., 2020). They are very susceptible to SARS-CoV infection with high viral lung titers, considerable weight loss, and morbidity. The ACE-2 mouse model becomes the tool set for cardiovascular and pulmonary research and is critical to advancing medicine and technology to search for drugs and a vaccine to fight the COVID-19 pandemic (Jia et al., 2020).



4.9. Storage, Transportation, and Handling of Vaccines

Most of the vaccines, especially the mRNA vaccines, as observed, require significantly low storage temperatures that are below the freezing point, which is difficult to maintain, particularly for longer durations, and poses a huge limitation in developing countries. The vaccines developed by Pfizer, Moderna, and Johnson & Johnson require storage of vaccine vials at -70°C to -80°C, -20°C (6 months), and -20°C (2 years), respectively, thus making them extremely fragile and difficult to store and handle, especially in developing countries. Apart from the requirement of ultralow freezing temperatures, the vaccines must be protected from direct exposure to sunlight and ultraviolet light, making the handling all that more difficult. The storage and transportation requirement puts extra financial burden on the vaccine recipient. Vaccines having room temperature storage are always cost effective and ease point of care units. The advantages and disadvantages of the major vaccine platforms are mentioned in Table 4.


Table 4 | Advantages and disadvantages of the major vaccine platforms (Kyriakidis et al., 2021).






5. Possible Resolutions to Overcome Hurdles in Vaccine Development Against SARS CoV-2


5.1. Vaccines Focused on T Cell Immunity and Memory

Most of the vaccine candidates against SARS-CoV-2 are focused on developing neutralization antibodies against the viral spike protein to diminish viral entry into host cells. However, to develop a prophylactic vaccine against intracellular pathogen-like viruses, the cytotoxic T lymphocyte (CTL) response remains indispensable (Ahmed and Akondy, 2011). A group recently suggested that the severe infection of COVID-19 provides better memory T cells than milder infection (Chen and John Wherry, 2020). Earlier studies demonstrate that only 50% of SARS survivors showed viral-specific B and T cell responses (Cao et al., 2007; Tang et al., 2011; Ng et al., 2016; Le Bert et al., 2020b). However, T cell response was long-lasting (6–17 years), associated with less severe disease, cleared the virus rapidly, and did not evolve into an ADE response. On the other hand, B cell response was short-lived (3 years), associated with severe disease (MERS survivors with higher antibody titer must stay longer in ICU), did not clear the virus rapidly, and was found to be involved in ADE (Cao et al., 2007; Tang et al., 2011; Ng et al., 2016; Zhao et al., 2017; Liu et al., 2019; Le Bert et al., 2020b; Sekine et al., 2020; Lynch et al., 2021). A high serum level in SARS-CoV-2 infection is associated with longer stay of patients in the ICU and the need of ventilators because of severe disease condition (Cao, 2020; Zhao et al., 2020a). Thus, they may serve as candidates for designing SARS-CoV-2 vaccines. Another eight immunodominant CD4+ T cell epitopes have been suggested for use in a subunit vaccine to potentially elicit effective T and B cell responses. They are distributed across the S (232–246 and 233–247), E (55–69, 56–70, and 57–71), and M (97–111, 98–112, and 99–113) proteins. These predictions warrant further investigation and may aid in effective vaccine design against SARS-CoV-2. In addition to a strong antibody response, the coronavirus vaccines should also be capable of inducing virus-specific CD8+ T cell immunity. In addition, the focus should also be made on memory response of both humoral as well as cell-mediated responses.



5.2. Development of Multivariant Vaccines

Most viruses evolve and change over time, and SARS-CoV-2 is no exception with its composition constantly changing and raising concerns about the efficacy of existing COVID-19 vaccinations in use. With the appearance of three new strains, B.1.1.7 (United Kingdom), B.1.351 (South Africa), and P.1 (Brazil) as well as B.1.617 (India), there is a need to develop a multivariant vaccine (Table 3). Likewise, annual influenza vaccinations are administered to people in many countries every year. The constant mutation in the influenza virus yearly design of new vaccines is predicted on the basis of the current influenza viral strain. Both trivalent and quadrivalent vaccines targeting three and four strains of the virus, respectively, are used as flu vaccines (Rudenko et al., 2018). Gritstone Oncology, Inc., in Emeryville, California, with support from the Bill and Melinda Gates Foundation and the National Institute of Allergy and Infectious Diseases (NIAID), is working on a multivariant vaccine that targets epitopes on the spike protein as well as other areas of the virus for attack by T cells. It is an mRNA vaccine using adenovirus vectors for delivery. The Gates Foundation supported preclinical development of the vaccine, and NIAID has partnered with the company on an early stage clinical trial. Preclinical tests revealed that more regions of the SARS-CoV-2 virus elicited multiple immune responses, including high-titer neutralizing antibodies and CD8+ T cell responses against the spike protein as well as a broad CD8+ T cell response against epitopes from multiple viral genes beyond the spike. There are currently no approved multivariant vaccines, but efforts are underway to develop them in the future. We recommend that we proceed with the development of a SARS-CoV-2 vaccine by aiming to build a multivariant vaccine for improved protection.



5.3. BCG as a Platform for Live-Attenuated Vaccine

Recently, various reports suggest that countries with a non-BCG vaccine recipient population (Italy, Nederland, the United States) show higher case fatality rates compared with long-standing universal BCG policy-practicing countries (Hegarty et al., 2020; Miller et al., 2020). In addition, in the elderly population (Gursel and Gursel, 2020), BCG is suggestive of the notion that BCG protects the vaccinated elderly population. Its known protective immunological benefits, decreased incidences, hampered disease transmission and progression, and lowered mortality are suggestive of BCG vaccination as a potential nonspecific safe tool against COVID-19; however, various other factors make BCG efficacy against COVID-19 debatable (Dayal and Gupta, 2020; Gursel and Gursel, 2020; Hegarty et al., 2020; Hensel et al., 2020; Kirov, 2020; Miller et al., 2020).


5.3.1. BCG Vaccination Renders Nonspecific and Variable Immune Response

BCG vaccination in healthy volunteers increases IFN-γ; enhances monocyte-derived cytokines TNF and IL-1β release; and elevates activation markers CD11b and PRRs such as Toll-like receptor-4, CD-14, and scavenger receptors (Kleinnijenhuis et al., 2012; Goswami et al., 2020). BCG vaccination in infants, surprisingly, increases 11 cytokines and chemokines in response to different nonspecific innate immunity stimuli, which includes epidermal growth factor, eotaxin, IL-6, IL-7, IL-8, IL-10, IL-12p40, monocyte chemotactic protein-3, macrophage inflammatory protein-1α, soluble CD-40 ligand, and platelet-derived growth factor. Moreover, in monocytes, the heterologous production of Th1 (IFN-γ) and Th17 (IL-17 and IL-22) immune responses to non-mycobacterial stimulation remained strongly elevated even 1 year after BCG vaccination (Kleinnijenhuis et al., 2014).

The SARS-CoV-2 infection renders hyper-inflammation mediated pulmonary dysfunction due to pro-inflammatory cytokine (IL-1β, IL-4, IL-6, IL-8, MCSF, CXCL-10, and TNF-α) burst in patients (Guo et al., 2020; Li et al., 2020). Surprisingly, these elevated cytokine levels have been reported along with lymphopenia in COVID-19 patients, suggestive of a major contribution by uncontrolled innate responses. The anti-inflammatory cytokine IL-10 could be of great help in combating COVID-19 because of its anti-inflammatory nature and its capability to obstruct inflammatory cytokine production, including IFN-γ and IL-2. BCG is shown to induce T and B independent monocytes/macrophages and NK cell-mediated nonspecific trained immunity response to a secondary infection by the innate immune system to either the same or different microorganisms (Covian et al., 2019; Netea et al., 2020) in SARS-CoV-2 infection in BCG immunized individuals. Moreover, it would be imperative to compare the cytokine profiles of patients from BCG immunized and nonimmunized individuals.

Thus, BCG induces sustained changes in the immune system associated with a nonspecific response to infections that could be beneficial against COVID-19. However, the beneficial role of BCG against COVID-19 remains debatable because of the variation in testing rate, population density, median age, TB incidence, urban population, public policy, and community spread check measures in different countries (Kirov, 2020). BCG as an adjuvant is proved very efficient in producing nonspecific immune responses; in the case of COVID-19, we should perform studies to evaluate the efficacy of various adjuvants, including BCG to elicit immunoprophylactic responses by candidate vaccines. The suitable adjuvant would not only instigate immune responses, but will also facilitate memory response that could be a boon for a vaccine against this dreadful pathogen.





6. Discussion and Future Prospects

The most daunting threat in a century for mankind is the COVID-19 pandemic caused by SARS-CoV-2. Less than a year after COVID-19 was declared as a pandemic, several vaccine candidates were authorized for emergency use in various countries. Despite the availability of vaccinations, recent pandemic waves have created concerns about i) the effectiveness of existing vaccines against new virus variants; ii) achieving global herd immunity against COVID-19; iii) the safety of the vaccine in autoimmune disorder individuals; iv) vaccine safety for pregnant women, toddlers, and young adults; v) the possibility of cytokine storm in vaccinated people; vi) efficacy of vaccines in comorbid conditions; vii) appropriate timing of booster doses for best immune response; viii) B cell memory responses; ix) T cell immunity and memory response; x) effectiveness of vaccines in reducing viral transmission; xi) vaccine distribution to the underprivileged; xii) the effect of vaccination on infected people; xiii) vaccine hesitancy; and xiv) vaccine swapping in the absence of a second dose or improving immune response, continuing exploration of significant scientific and policy challenges (Garcia-Beltran et al., 2021; Singh et al., 2021).

Multiple waves of infection place a huge burden on the state, doctors, and scientists in establishing a successful fight against SARS-CoV-2. Some of countries have achieved a sufficient number of vaccinations to curb the pandemic. In contrast, some countries confirm lowered vaccinations either due to unavailability of vaccines as per requirement or because of vaccine hesitancy. Because of the severe impact of the pandemic in terms of infection intensity and mortality, the vaccination drives in between this pandemic have reduced vaccine hesitancy among the population, and this has contributed to achieving herd immunity. Herd immunity generally requires a protective immune response in 60%–70% of the population attained either through infection with the virus or by vaccination. Global scientific coordination and partnership is the key to successful vaccination against COVID-19. It is particularly effective because nationalistic approaches to immunization will continue to raise issues such as vaccine development and production, pricing, allocation, and deployment, and only a global resource collaboration can fulfill these goals (Voysey et al., 2021).

The vaccines used are safe, but there are reports of safety concerns with some of the vaccines, which has caused havoc and has been a source of vaccine hesitancy. Scientific evidence on vaccine safety should be established not just in the general population, but also for pregnant woman, toddlers, and teens; people with comorbid diseases such as diabetes and hypertension; and those who have been infected prior to vaccination. Because most of the vaccines are based on neutralizing antibodies against the spike protein of SARS-CoV-2, details are available for neutralizing antibodies; however, T cell immunity remains untouched for most of the vaccine candidates. Furthermore, the B and T cell memory response has not been established for most of the approved vaccines. B and T cell memory responses and T cell–mediated immunity should be deciphered for all the used vaccines with immediate attention.

Globally, the spread of different variants has worsened the situation, and we need a vaccine with prophylactic efficacy to combat COVID-19. The multivariant vaccines might be more efficient in eliciting better and stronger immune responses for better protection against virus variants. We can use various platforms to achieve multivariant vaccines. Nonetheless, the direct virus could be employed to develop live-attenuated vaccines; however, there is always the possibility of reversal. One of the major concerns during SARS-CoV-2 infection is cytokine storm, which leads to various physiological damages, including pneumonia; pulmonary embolism; and blood clotting in various organs, including brain, gastrointestinal tract, kidney, and liver; also it results in ARDS. This is suggestive that unregulated immune response due to viral immune evasion strategies renders these damages. The cytokine storm could be controlled by inducing Treg cells and IL-10 cytokine strategically. Nevertheless, BCG has been proved to elicit nonspecific controlled immune response; it would be an inclusive strategy to develop formulations of rBCG by incorporating multiple antigens of SARS-CoV-2. The live-attenuated nature of rBCG could be helpful in generating long-term protection.

Interestingly, a number of studies are currently being conducted in many parts of the world on the use of two separate vaccines for better protection against SARS-CoV-2 and its variant form. According to a German study, immunizing with AstraZeneca’s ChAdOx1-nCov-19 vaccine as a first shot and BioNTech/BNT162b2 Pfizer’s as a second shot 10 weeks apart boosts the immune response. BNT162b2 induced significantly higher frequencies of spike-specific CD4 and CD8 T cells and, in particular, provided high titers of neutralizing antibodies against the B.1.1.7, B.1.351, and P.1 lineage of the virus (Barros-Martins et al., 2021; Callaway, 2021). There has been speculation that using covaxin as a first shot and AstraZeneca (covishield) as a booster shot helps to protect people better. However, further research is required on the interchangeable vaccine approach.

Considering a worse hit by multiple waves, it is suggestive that individuals should take the vaccines whichever they are available at their end to curb the disease severity even if it does not provide the best protection. Importantly, prophylactic vaccines against SARS-CoV-2 have great potential to prevent future pandemics. Nonetheless, we must continue to improve the present vaccine by increasing neutralizing antibodies, and a focus on multivariant vaccines that include T cell immunity would be beneficial in combating numerous variations of this dreadful pathogen.
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The COVID-19 pandemic has caused huge socio-economic losses and continues to threat humans worldwide. With more than 4.5 million deaths and more than 221 million confirmed COVID-19 cases, the impact on physical, mental, social and economic resources is immeasurable. During any novel disease outbreak, one of the primary requirements for effective mitigation is the knowledge of clinical manifestations of the disease. However, in absence of any unique identifying characteristics, diagnosis/prognosis becomes difficult. It intensifies misperception and leads to delay in containment of disease spread. Numerous clinical research studies, systematic reviews and meta-analyses have generated considerable data on the same. However, identification of some of the distinct clinical signs and symptoms, disease progression biomarkers and the risk factors leading to adverse COVID-19 outcomes warrant in-depth understanding. In view of this, we assessed 20 systematic reviews and meta-analyses with an intent to understand some of the potential independent predictors/biomarkers/risk factors of COVID-19 severity and mortality.
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Introduction

Coronaviruses belong to Coronaviridae family of viruses. The degree of disease caused by coronaviruses can vary from mild like common cold to severe like severe acute respiratory syndrome (SARS) and the middle east respiratory syndrome (MERS). These viruses have been successful in crossing inter-species barriers. SARS-coronavirus jumped from civet cats to humans while MERS-coronavirus got transmitted to humans from camels (Woo et al., 2012). The recent emergence of the novel SARS Coronavirus 2 (SARS-CoV-2) is another incidence of zoonotic transmission of coronaviruses. As per the genomic sequence analysis, the source of novel SARS-CoV-2 is speculated to be a previously identified bat coronavirus strain RaTG13 (96.2- 97.41% identity match) (Shi, 2021; Malaiyan et al., 2021) or pangolin-CoV (91.02- 92.22% genomic identity match) (Zhang T. et al., 2020; Malaiyan et al., 2021). However, the origin of the SARS-CoV-2 is still unclear due to the lack of definitive evidence. Further investigations are being undertaken in this regard (WHO News release, 2021).

Since the first case reported late in 2019, SARS-CoV-2 has taken more than 4.5 million human lives (as of September 08, 2021) and continues to spread worldwide with more than 221 million confirmed cases (WHO, 2021). The case fatality rate of the disease caused by the SARS-CoV-2 (3.26- 4.16% in Latin America; 5.8% in the United States) (Undurraga et al., 2021; Loomba et al., 2021) is way less as compared to the previous coronavirus outbreaks (Zhu et al., 2020). Nevertheless, the fatality caused by Coronavirus Disease 2019 (COVID-19) has surpassed that of the SARS and MERS combined (Song et al., 2019). The COVID-19 pandemic has also resulted in huge economic losses (speculated to be trillions of dollars) around the world (Emem, 2020).

COVID-19 initially emerged as novel pneumonia of unknown etiology with majorly non-specific symptoms and quite quickly engulfed the entire globe. During the initial months of the pandemic, lack of specific diagnostic modalities, the variable intensity of the disease surveillance, changing case definitions, asymptomatic period of infection and overwhelmed health care facilities largely contributed to the rapid spread of the virus, resulting in the global outbreak. Also, the novel COVID-19 in a way bridged the gap between the developing and developed world, bringing all on the same footing. With more than 85 million confirmed cases, the Americas are the worst affected, followed by Europe (> 66 million), South-East Asia (> 41 million), the East Mediterranean region (> 15 million), Western Pacific (> 7 million) and Africa (> 5 million) (WHO, 2021). A major breakthrough in the current pandemic period witnessed rapid development and administration of different vaccines against COVID-19. However, despite the massive vaccine roll-out programs, the emergence of virus variants sustains the challenge of controlling the pandemic and continues to spread in its wild-type and mutant forms across the globe.

Since the onset of the disease, several groups have published various systematic reviews and meta-analyses that aim to shed light on the disease prognosis. However, the evidence was limited and the data were mostly heterogenous. Further, due to ever-changing viral dynamics, multiple new symptoms have been witnessed. With the generation of more data, it is expected that the analysis will continue with a focus on identifying unique clinical manifestations, laboratory findings, radiological investigations, and therapy that could correlate with varying degree of COVID-19 or adverse outcomes, and fatality. However, the studies published earlier have highlighted the significance of some important biomarkers and clinical features in diagnosis, prognosis and management of mild to severe COVID-19.



Methodology

In the present work, we aim to identify key players of the disease and summarize important findings from already published studies on diverse clinical aspects of COVID-19. The search terms ‘COVID-19’, ‘SARS-CoV-2’, ‘clinical predictors’, ‘signs and symptoms’ were used individually or in appropriate combinations and only the ‘systematic reviews and/or meta-analysis’ articles that were published until February, 2021 were included for the present work. We carefully studied 20 systematic review/meta-analysis/meta-regression articles (Table 1A) that spanned the global population.


Table 1A | Overview of the methodology of the analyzed systematic reviews and meta-analysis in relation to severity, adverse prognosis and mortality of COVID-19.





Prognostic Factors Associated with Severe COVID-19


Clinical Manifestations

Since the start of the pandemic, COVID-19 displayed a wide spectrum of clinical signs and symptoms, which included: fever, cough, sore throat, nasal congestion, sputum, headache, diarrhea, fatigue, dyspnea, chest tightness, myalgia, nausea, rhinorrhea, dizziness or confusion, hemoptysis, anorexia, vomiting, chest and abdominal pain (Huang et al., 2020; Jutzeler et al., 2020; Mudatsir et al., 2020). The eagerness to know any unique/distinct features was evident even in the layman. Fever, cough, fatigue, dyspnea (Figliozzi et al., 2020; Israfil et al., 2021) and a loss of sense of taste and smell (Hannum et al., 2020) remained some of the most experienced and identifying symptoms. In a systematic review involving more than 12000 patients, fever was the most common clinical manifestation in adults (78.5%), pregnant women (71.4%), pediatric and neonatal (53.1%) patients. Other important clinical signs and symptoms were cough (53.8%) and fatigue (25%) in adults, cough (41.4%) and myalgia (33.3%) in pregnant women and cough (47.9%) and sputum (27.5%) in children and neonates (Jutzeler et al., 2020). Only about 5% of patients were asymptomatic. Another meta-analysis, involving early data from 3578 patients, identified relation of dyspnea [odds ratio (OR)= 3.28, 95% confidence interval (CI) 2.09- 5.15], anorexia (OR= 1.83, 95% CI 1.00- 3.34), fatigue (OR= 2.00, 95% CI 1.25- 3.20) and dizziness (OR= 2.67, 95% CI 1.18- 6.01) with COVID-19 severity (Mudatsir et al., 2020). The vastly experienced COVID-19 symptoms, viz., fever, cough and breathing problem have been associated with problems in having sound sleep (Ferrando et al., 2016; Singh et al., 2020). An interesting systematic review and meta-analysis attempted to understand the impact of COVID-19 pandemic on quality or quantity of sleep under different study groups: COVID-19 patients, healthcare workers and the general population (Jahrami et al., 2021). As expected, about 75% of the COVID-19 patients had disturbed sleep, which was the highest prevalence among the different study groups (Jahrami et al., 2021). Physical pain or side-effects of the treatments were also speculated to impact the sound sleep in COVID-19 patients (Shi et al., 2020). These findings suggest that monitoring of sleep problems must not be ignored during COVID-19.



Comorbidities as Risk Factors for Adverse Outcomes of COVID-19

In one of the early meta-analyses aimed at assessing the impact of comorbidities on the course and clinical outcome of COVID-19, it was found that about 31% of adult patients (2329/7608) had comorbidities, with hypertension being the most prevalent condition (20.93%, 1352/6460), followed by heart failure (10.5%, 37/354), diabetes mellitus (10.4%, 678/6535) and coronary heart disease (8.5%, 194/2388) (Jutzeler et al., 2020). These pre-existing comorbidities were found to be linked with the severity of COVID-19 (relative risk, RR= 2.11, p= 0.046) (Jutzeler et al., 2020). Also, hypertension (RR= 2.15, p< 0.001), diabetes (RR= 2.56, p= 0.005), any heart condition (RR= 4.09, p< 0.001) and chronic obstructive pulmonary disease (COPD) (RR= 5.10, p< 0.001) were associated with adverse disease outcome. In addition, disease severity was more in male (RR= 1.11, p= 0.039) and old age patients (standardized mean difference, SMD= 0.68, p< 0.001) (Jutzeler et al., 2020). The meta-analysis revealed that older age (SMD= 1.25, 95% CI 0.78– 1.72, p< 0.001), male gender (RR= 1.32, 95% CI 1.13–1.54, p= 0.005) and pre-existing comorbidities (RR= 1.69, 95% CI 1.48– 1.94, p< 0.001) were associated with less survival. Furthermore, mechanical ventilation was also more frequently required for treatment of non-survivors as compared to survivors (RR= 6.05, 95% CI 1.41– 26.05, p= 0.026); with more common administration of extracorporeal membrane oxygenation (RR= 4.39, 95% CI 1.64– 11.78, p= 0.014) in the non-survivors (Jutzeler et al., 2020). The risk of developing complications during the course of COVID-19 was higher in the non-survivors as compared to the survivors. The complications included, in particular, acute kidney injury (AKI) (RR= 20.77, 95% CI 2.43– 177.44, p= 0.017) and acute respiratory distress syndrome (ARDS) (RR= 4.24, 95% CI 1.30–13.83, p= 0.026) (Jutzeler et al., 2020).

Liver injury has been reported as another comorbidity being associated with the severity and in-hospital fatality of COVID-19 patients. In a meta-analysis of 20724 COVID-19 confirmed cases from 36 articles, pre-existing liver disease was present in up to 37.6% of cases (Del Zompo et al., 2020) at the time of hospital admission. The etiology of abnormal liver function was mentioned in only a few of the studies analyzed in the said meta-analysis. The authors recommended frequent testing of liver function test (LFT) markers as an additional tool for early stratification and monitoring of COVID-19 patients (Del Zompo et al., 2020). Further prospective cohort investigations are need-of-the-hour to validate the significance of LFT biochemistries in the management of COVID-19. Likewise, about 4.5% of COVID-19 patients displayed pre-known viral hepatitis in a study conducted by a different research group (Gu et al., 2020).

Another noteworthy comorbidity is AKI. In view of this, a systematic review and meta-analysis was conducted involving 24527 COVID-19 patients, where the overall rate of severe COVID-19 and COVID-19 related fatality was 26.4% and 20.3%, respectively (Shao et al., 2020). The robust meta-analysis revealed significant association of AKI with severity (OR= 8.11, 95% CI 5.01- 13.13, p< 0.00001) and fatality (OR= 14.63, 95% CI 9.94- 21.51, p< 0.00001) in COVID-19 patients. Prevalence of severe COVID-19 and fatality due to COVID-19 was considerably high (55.6% and 63.1% respectively, p< 0.01) in patients with AKI as compared to those without AKI (17.7% and 12.9% respectively) (Shao et al., 2020). Cardiac impairment was a significant factor associated with severe COVID-19 outcomes (OR= 3.15, 95% CI 2.26- 4.41) and fatality (OR= 1.95, 95% CI 1.08- 3.54) (Figliozzi et al., 2020; Li et al., 2020). Smoking (OR= 2.24, 95% CI 1.40- 3.58), history of diabetes mellitus (OR= 2.34, 95% CI 1.64- 3.33), COPD (OR= 2.63, 95% CI 1.55- 4.44) or hypertension (OR= 2.25, 95% CI 1.80- 2.82) contributed to progression to adverse COVID-19 (Figliozzi et al., 2020). Diabetes mellitus (OR= 1.74, 95% CI 1.22- 2.48), cardiovascular disease (OR= 1.95, 95% CI 1.08- 3.54), COPD (OR= 2.98, 95% CI 1.38-6.44), or cerebrovascular disease (OR= 2.93, 95% CI 1.84- 4.26) indicated high mortality risk (Figliozzi et al., 2020).

Apart from the above-mentioned somewhat obvious comorbidities, obesity emerged as another major condition that would worsen the outcomes in COVID-19 patients (Földi et al., 2020; Poly et al., 2021). A meta-analysis involving 2770 patients revealed that obesity was a significant risk factor associated with admission to critical care units (OR= 1.21, 95% CI 1.002- 1.46) (Földi et al., 2020). Also, the requirement of invasive mechanical ventilation (IMV) was more (up to 78%) for obese patients as analyzed in 509 subjects. A body-mass-index (BMI) of ≥ 25 was a significant risk factor for IMV requirement (OR= 2.63, 95% CI 1.64- 4.22) (Földi et al., 2020). Like obesity, psychiatric comorbidities (like anxiety and depression) must also be considered during COVID-19 management. Potential bi-directional associations between psychiatric comorbidities and sleep have been reported (Jahrami et al., 2021), amounting to sleep problems during COVID-19. This may impact the recovery from the disease.



Biochemical Biomarkers as Independent Predictors of Severity, Adverse Prognosis or Mortality of COVID-19

Recent evidence highlighted the relevance of various biochemical tests as independent or combined correlates for the determination of severity, poor prognosis or mortality related to COVID-19. Clinical laboratory tests encompassing biochemical, hematological, inflammatory and coagulation parameters were considered useful to recognize severe or critical COVID-19. Additionally, these parameters also provided valuable clinical information for effective monitoring of the clinical course of COVID-19. As per findings of a large meta-analysis of 45 studies across 6 countries, neutrophilia (meta-median difference, MMD= 1.23 x 109 cells/µl) and lymphopenia (MMD= -0.39 x 109 cells/µl) were associated with critical COVID-19 (Moutchia et al., 2020). Similar findings were also reported in another meta-analysis comprising 4969 patients (Henry et al., 2020). In this meta-analysis, reduced lymphocyte count and increased neutrophil count at the time of admission were significantly associated with progression to severe disease (OR= 4.20, 95% CI 3.46- 5.09 and OR= 7.99, 95% CI 1.77- 36.14, respectively), and mortality (OR= 3.71, 95% CI, 1.63- 8.44 and OR= 7.87, 95% CI 1.75- 35.35, respectively) (Henry et al., 2020). Inflammatory markers, namely, C-reactive protein (CRP), Interleukin 6 (IL-6), and erythrocyte sedimentation rate (ESR) (MMD= 36.97 mg/l, 17.37 pg/ml, 21.93 mm/hr, respectively) were raised in severe COVID-19 cases (Moutchia et al., 2020). Biochemical indices like alanine aminotransferase (ALT), aspartate aminotransferase (AST), blood urea nitrogen (BUN), creatinine (MMD= 6.89 u/l, 11.96 u/l, 1.04 mmol/l, 4.87 µmol/l) were significantly elevated in severe or critical cases in comparison to non-severe COVID-19 patients (Moutchia et al., 2020). A meta-regression analysis observed that higher leukocyte counts (p< 0.0001), elevated levels of ALT (p= 0.024), AST (p= 0.0040), lactate dehydrogenase (LDH) (p< 0.0001) and raised procalcitonin (PCT) (p< 0.0001) were note-worthy predictors of admission to intensive care unit (Zhang JJY. et al., 2020). Further, the researchers found that elevated LDH (p< 0.0001) and high leukocyte counts (p= 0.0005) were significantly associated with COVID-19 led mortality. Other laboratory parameters that were found to be significantly associated with critical disease were myocardial biomarkers, Troponin I (MMD= 0.01 ng/ml), and creatine kinase-MB (CK-MB) (MMD= 1.46 u/l), tissue damage marker, LDH (MMD= 124.26 u/l), platelet count (MMD= -21.48 x 109 cells/l) and D-dimer (MMD= 0.65 mg/ml) (Moutchia et al., 2020). These laboratory parameters indicated that innate immune response gets activated during COVID-19 as indicated by markedly raised neutrophil to lymphocyte ratio (NLR) and CRP. In contrast, adaptive immune response is unable to limit virus replication during severe COVID-19, as evidenced by reduced levels of lymphocytes and its subsets. Thus, routine testing for NLR, CRP, ESR, Troponin-I, BUN, creatinine, AST, ALT, CK-MB, LDH and D-dimer in severe COVID-19 is beneficial in monitoring clinical progression and can predict outcome of the disease. Anisocytosis, a condition that is characterized by heterogeneity in volumes of circulating red blood cells (RBCs), has also been linked to severe COVID-19. This low-cost parameter is expressed as RBC distribution width (RDW) and may be calculated as either RDW- standard deviation (SD) or coefficient of variation (CV). In this view, an analysis of RDW in 11445 COVID-19 patients was conducted and a 0.69% increase (95% CI 0.40- 0.98, p< 0.001) in absolute RDW-CV value of severe COVID-19 patients was found in comparison to mildly ill COVID-19 patients (Lippi et al., 2020). Hence, estimation of RDW may assist in risk stratification of adverse COVID-19 progression (Lippi et al., 2020).

Laboratory results were useful in differentiating severe from non-severe COVID-19 patients at the time of admission to the intensive care unit, as per the systematic review and meta−analysis conducted by Ghahramani et al. (Ghahramani et al., 2020). Results of routine tests like LFT, kidney function tests (KFT), glucose, albumin, electrolytes and complete blood count (CBC) were significantly altered in severe or critical COVID-19 patients belonging to the Asian population. In the same systematic review and meta-analysis, elevated PCT levels and higher neutrophil count were associated with bacterial co-infection in severe COVID-19 patients. Further, sensitivity analysis revealed significant differences in pooled effect size (p-ES) for NLR, lymphocyte to CRP ratio (LCR), PCT, AST, ALT, sodium, glucose, BUN, creatinine, ESR, myoglobin and D-dimer (Ghahramani et al., 2020). Laboratory parameters like decreased platelet count (p-ES= -1.7), low hemoglobin concentration (p-ES= -0.6), low albumin (p-ES= -3.1), raised IL-6 (p-ES = 2.4), elevated creatinine (p-ES = 2.4) and higher troponin-I (p-ES = 0.7) were markedly associated with in-hospital mortality (Mesas et al., 2020). As per another meta-analysis, low albumin levels (SMD= -1.13, 95% CI -1.41– -0.85, p< 0.001) and lymphocyte counts (SMD= -0.92, 95% CI -1.3– -0.55, p< 0.001) as well as high IL-6 levels (SMD= 1.21, 95% CI 0.93– 1.5, p< 0.001), leucocyte counts (SMD= 2.21, 95% CI 0.61– 3.64, p= 0.06), and prolonged prothrombin time (SMD= 7.99, 95% CI 4.64– 11.34, p< 0.01) were found to be linked with COVID-19 related mortality (Jutzeler et al., 2020). Hence, abnormal indices of the above-mentioned parameters could be prognostic markers of adverse COVID-19 outcomes.

In another large-scale analysis, including more than 57000 COVID-19 patients, 49 parameters were identified as high/moderate predictors of poor prognosis (Izcovich et al., 2020). The variable parameters included demographic factors: increasing age, male gender and smoking; comorbidities: diabetes, cerebrovascular disease, COPD, cardiovascular disease, cardiac arrhythmia, arterial hypertension, chronic kidney disease, cancer, dementia and dyslipidemia; physical examination factors: respiratory failure, fever, myalgia or arthralgia, fatigue, abdominal pain, tachycardia, hypoxemia, dyspnea, anorexia, tachypnoea, low blood pressure, hemoptysis; laboratory assessments: elevated PCT, myocardial injury markers, increased WBC counts, elevated blood lactate, reduced lymphocyte count, reduced platelet count, increased neutrophil count, raised plasma creatinine, elevated D-dimer, raised LDH, elevated CRP, raised AST levels, decreased albumin, elevated IL-6 levels, raised B-type natriuretic peptide (BNP), elevated BUN, raised ESR, elevated CK and raised bilirubin; radiological factors: pleural effusion and consolidative infiltrate; and high sequential organ failure assessment (SOFA) score (Tables 1B, 2) (Izcovich et al., 2020).


Table 1B | Summary of the major outcomes of the analyzed systematic reviews and meta-analyses.















Table 2 | Putative independent predictors of COVID-19 adverse prognosis, severity or mortality.



A systematic review and meta-analysis of 36 studies involving more than 20000 patients demonstrated important findings (Del Zompo et al., 2020). With an intent to correlate liver injury with clinical outcomes in COVID-19 patients, the researchers found that nearly 47% of COVID-19 cases had abnormal LFT. They also found that the laboratory tested AST, ALT and total bilirubin were independent predictors of COVID-19 severity and in-hospital mortality (Table 2) (Del Zompo et al., 2020). However, there was insufficient information on the etiology of pre-existing liver injury in COVID-19 patients at the time of hospitalization. Hence, further prospective cohort studies would be essential to validate these findings.

Other noteworthy biochemical findings are elevated levels of BUN and serum creatinine (SCr) (Shao et al., 2020). A robust meta-analysis recorded significant (p< 0.00001) rise in levels of BUN and SCr in severe COVID-19 cases and non-survivors (Table 1B) (Shao et al., 2020). Increased SCr and BUN values were identified as independent biomarkers for COVID-19 related severity and in-hospital mortality early during the pandemic (Chen et al., 2020; Cheng et al., 2020). However, the rate of severe and fatal cases in the study by Shao et al. was quite high, which could be due to the fact that the studies analyzed represented majorly poor COVID-19 outcomes (Shao et al., 2020). Hence, over-estimation of severity and fatality rate may be a limitation to this otherwise crucial set of findings.



Radiological Investigations

Identification of viral pathogens is possible by careful examination of imaging patterns since the latter are associated with viral pathogenesis. Since, viruses belonging to a single viral family share a similar pathogenesis, computed tomography (CT) was considered a trusted technique to distinguish patterns and features of COVID-19 in immunocompetent patients (Chung et al., 2020; Jin et al., 2020; Tao et al., 2020). The systematic review and meta-analysis conducted by Jutzeler et al. identified abnormal CT scans in nearly 90% (89.6% specifically) of the COVID-19 confirmed adult patients, 88.6% of the pregnant patients and 65% of the pediatric and neonatal patients (Jutzeler et al., 2020). The major finding in CT imaging was the occurrence of unilateral or bilateral pneumonia in 83.6% (6620/7917) adult patients, 88.6% (31/35) pregnant and 65% (194/298) pediatric and neonatal COVID-19 cases (Jutzeler et al., 2020). Other prominent abnormal CT features included air bronchogram (50.5%, 264/523) and ground-glass opacity (GGO) with consolidation (47.4%, 153/323) and without (43.8%, 2446/5591) in adult patients, GGO (85.3%, 29/34) and consolidation (50%, 8/16) in pregnant patients, and GGO (38.9%, 108/278) and local patchy shadowing (23.3%, 52/223) in pediatric and neonatal patients (Jutzeler et al., 2020).




Conclusions

Identification of high-risk clinical and laboratory features contribute to early prediction, diagnosis and efficient treatment of patients (Li et al., 2021). A fatality rate of 7.7% with about 8% of the COVID-19 patients being asymptomatic was observed during the early pandemic period (Jutzeler et al., 2020). Since, it is difficult to record the exact number of asymptomatic cases, owing to obvious reasons (like no hospital/clinic visit, hence no medical record; or lack of awareness that a potentially fatal disease can be asymptomatic in some patients) such value is deemed to be 6- to 10- fold higher (Jutzeler et al., 2020). Hence, more aggressive antigen detection, as well as serological surveillance of contacts of confirmed COVID-19 patients, is necessary to enable screening and identification of asymptomatic COVID-19 patients. Further, prospective well-planned cohort studies would be necessary to enable further characterization of the overall, gender-specific and/or geographical location-based risk factors.

It is imperative to categorize COVID-19 patients based on their comorbidities, like impaired kidney or liver functions or cardiac injury, etc. As discussed in the present work, AKI is a critical complication of COVID-19 and calls for immediate care and monitoring (Shao et al., 2020) to minimize the risk of severity and poor prognosis. Similarly, abnormal LFTs are important early predictors of COVID-19 severity and in-hospital mortality (Del Zompo et al., 2020). Also, pre-existing chronic liver disease, especially cirrhosis, is an indicator of a high risk of mortality. Hence, aggressive interventions for such cases must be exercised. This would enable better patient management and may improve the disease outcome. Measurement of anthropometric parameters, especially BMI, is also recommended for COVID-19 patient management, importantly for patients who are or above 65 years of age (Földi et al., 2020; Poly et al., 2021). Basic hematological screening that can be done with minimal resources can be a life-saver. The findings that lymphopenia and neutrophilia at the time of hospital admission indicate poor COVID-19 outcome call for routine hematological monitoring. It would enable an early careful intervention in such patients enabling better patient care. Such regular monitoring may also aid in the stratification and the management of risk associated with COVID-19 (Henry et al., 2020). Further, it is also important to stratify epidemiological data based on demographic characteristics and risk factors for adverse COVID-19 outcomes, to enable exact and aggressive patient care (Mesas et al., 2020). Based on the analysis in this work, we can conclude that careful monitoring of clinical data, risk factors and disease biomarkers (Israfil et al., 2021) may enable early determination of COVID-19-led severity. Such an early estimate would be helpful in efficient patient management and possibly minimize the related mortality.
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NA- The parameter value was not applicable or not mentioned or could not be ascertained with the given information. *- The number of patients as mentioned for ICU COVID-19 cases in
overall results section. $- The number of severe and non-severe patients as per the table in the citation. May or may not be specific to the respective parameter. ALT, alanine
aminotransferase; ARDS, acute respiratory distress syndrome; AST, aspartate aminotransferase; BUN, blood urea nitrogen; CRP, C-reactive protein; CK, creatine kinase; ESR, erythrocyte
sedimentation rate; LDH, lactate dehydrogenase; MD, mean difference; MPR, meta-prevalence ratio; SMD, standardized mean difference; NA, not applicable; OR, odds ratio; PCT,
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HC (n=21) CoV- (n = 16) CoV+ (n =18)

female: male (%) 5:16 4:12 3:15
age (y; median, range) 42,0 (20-63) 35.0 (20-74) 42,0 (21-69)
cough / 13 (0.81) 17 (0.94)
fever / 12 (0.75) 6(0.33)
sore throat / 5(0.31) 6(0.33)
myalgia / 3(0.19) 6(0.33)
loss of taste and/or smell / 1 (0.06) 6(0.33)
fatigue / 2(0.13) 4(022)
dyspnea / 9 (0.56) 3(0.17)
hospitalization / 3(0.19) 7(0.39)

Data are given in absolute numbers and in brackets relative to the whole group (100%). For
age, the total range is given in brackets. Group comparison with ANOVA showed no
significant differences between gender and age between the three study groups.
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Analyte (pg/mL) HC (n=21) CoV-(n = 16) CoV+(n = 18)

CD40L 9[5; 118 6846 ; 118] 4524 ; 79]
ENA-78 207 [187 ; 277] 214 [102 ; 597] 150 (72 ; 1054]
Eotaxin 37[23; 43 5416 ; 63] 36 [25 ; 44]
Eotaxin-2 127 [74 ;167] 193 96 ; 285] 179 (84 ; 409]
IL-16 64 (33 ; 150] 13[13; 127] 45[13 ; 356]
IL-17A 322383 90 [23 ; 166] 3223 ; 401]
MCP-1 83[41;117] 12929 ; 173] 126 [74 ; 269]
MIP-1a 5[2;19 8[5;22] 9(3;14]
MMP-1 20 [11 ;48] 2915 ; 66] 6317 ; 134]

TWEAK 1133 [842 ;1509] 1470 [1185;2139] 1186 (918 ; 1652]
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inhibitor
Chemical HR1 and HR2
compounds HR2
COVID-19
ACE2
Neutralizing Spike
antibodies
Nanobody

Inhibitor

EK1C4
IPBO2
Glycyrrhizic
acid
Captopril
Enalapril

ARB
Lisinopril
BD-217
BD-218
BD-236
BD-361
BD-368
BD-368-2
BD-395
2B04
CA1

CB6

P2C-1F11
P2B-2F6
P2C-1A3
S309 Fab
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H11-D4-Fc
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CR3022 Fab
CR3022 IgG
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REGN10987
REGN10989
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G105 Fab
CV30

EYBA
CC12.1Fab
CC12.3 Fab
COVA2-39
COVA2-04
4A8

™1

ICs0
(Pseudovirus)

16.8nM
80 nM

0.081 pg/mi
0.011 pg/ml
0.037 pg/ml
0.020 pg/ml
0.085 pg/ml

0.001.2 pg/ml
0.020 pg/ml

1.46 ng/ml

0.03 pg/ml
0.05 ug/ml
0.62 pg/ml

61nM
161nM
262nM
347 nM
3nM
42.8 pM
40.6 pM
7.23 pM
54.4 pM
26.1 ng/mL
0.03 ug/mL
54nM
20 ng/ml
20 ng/ml
0.086 pg/ml
0.22 pg/ml

54 nM

ICso (Authentic virus)

36.5nM

Reduces ICs by about

10-fold

0.84 pg/ml
0.29 pg/mli
0.52 ug/mi
0.780 pg/ml
1.600 pg/ml
0.015 pg/ml
0.270 pg/ml

0.03 pg/mli

0.41 ug/ml

0.28 pg/mli
79 ng/ml

20 ng/ml
20 ng/ml
0.054 pg/ml
2.5 pg/ml
0.39 pg/mli

Kd

0.29 nM
0.039 nM
2.8nM
1.3nM
12nM
0.82 nM
0.36 nM
4.68 + 1.64
nM
2.49 +1.65
nM
212nM
5.14 nM
2.47 nM
0.81 nM
5.5 M
10 nM
40nM
116 nM
1M
0.096 nM
3.37 nM
45.2 nM
3.65 "M
4.86 nM

3.6nM
2nM
17 nM
14 nM
21 nM
40 nM

92.7 nM

5-10 nM

ECso

0.7 nM
5.79 pM
6.33 pM
4.86 pM
2.72 pM

0.61ug/ml

NDso

0.38 pg/ml

0.036 + 0.007
ng/mi

6nM
18nM
0.2 ug/ ml

Reference

(Xia et al., 2020)

(Zhu et al., 2020)
(Bailly and Vergoten,
2020)

(Biyani et al., 2020)
(Sharif-Askari et al.,
2020)

(Chung et al., 2020)
Khelfaoui et al., 2020)
(Cao Y. et al., 2020)
(Cao Y. et al., 2020)
(Cao Y. et al., 2020)
(Cao Y. et al., 2020)
(Cao Y. et al., 2020)
(Cao Y. et al., 2020)
Cao Y. et al., 2020)
(Alsoussi et al., 2020)
(Shi et al., 2020)

(Shi et al., 2020)

(Ju et al., 2020)

(Ju et al., 2020)

(Ju et al., 2020)
Pinto et al., 2020)
Huo et al., 2020)
Huo et al., 2020)
(Huo et al., 2020)
(Yuan et al., 2020a)
(Yuan et al., 2020a)
(Lv et al., 2020)
(Baum et al., 2020)
(Baum et al., 2020)
(Baum et al., 2020)
(Baum et al., 2020)
(Barnes et al., 2020)
(Hurlburt et al., 2020)
(Zhou et al., 2020)
(Yuan et al., 2020a)
(Yuan et al., 2020a)
(WuN. C. et al., 2020)
(WuN. C. et al., 2020)
(Chi et al., 2020)
(Hanke et al., 2020)

ICso, half maximal inhibitory concentration; Kd, dissociation constant; ECsg, concentration for half of maximal effect; NDsg, half neutralizing dose.
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S. Reference  Date of Methodology
No. publication

(or acceptance

for publication)

Typeof Diseases Features analyzed Data sources Dataset Records Records Period Total patients  Region of study
analysis compared screened selected (up to) studied
1. ZhangJJY. May14,2020 Systematic COVID-19 Laboratory Ovid MEDLINE, EMBASE, Heterogenous 1481 45 March 4203 China, Singapore,
etal,, 2020 review, investigations as CENTRAL and PubMed 15, South Korea and
meta- predictors of poor 2020 Hong Kong
analysis COVID-19 outcomes;
and meta- and efficacy of therapies
regression (involving experimental
antiviral and
immunomodulatory
treatments)
Lietal., June 12,2020  Systematic COVID-19  Clinical features and PubMed, EMBASE, Cochrane  Heterogenous 201 12 April 2445 China
2021 review and outcome of severe and 14,
meta- non -severe pneumonia 2020
analysis patients.
3. Foldietal, June21,2020 Systematic COVID-19 Obesity as a risk factor ~MEDLINE (via PubMed), Heterogenous 15168 24 May Meta-analysis: ~ China, France, USA,
2020 review, EMBASE, CENTRAL, Scopus 1, 2,770 and 509  Portugal, Netherlands,
meta- and Web of Science 2020 for ICU Italy and Qatar
analysis admission and
and meta- 0%
regression requirement,
respectively
Meta-
regression:
2522
4. Luetal, July 04, 2020 Systematic COVID-19, Predictors of mortality ~ MEDLINE, Epistemonikos, Heterogenous 712 28 April 16095 (COVID-  COVID-19: China,
2020 review and  SARS and 'COCHRANE, CKNI, 1, 19:11818; Italy, South Korea and
meta- MERS WANFANG STATA and manual 2020  SARS:3292; the United States
analysis search MERS: 985)  SARS: Beijing,

Guangdong, Shanxi,
Hong Kong and
Taiwan in China, and
Toronto

MERS: Saudi Arabia
and South Korea

Figiozzi July 20,2020  Systematic COVID-19 Predictors of adverse  PubMed, MEDLINE, Scopus  Heterogenous 6843 49 April 20211 China, USA, France,
etal., 2020 review and prognosis 24, Japan, Italy and
meta- 2020 Canada
analysis
6. Henyetal, July20,2020  Systematic COVID-19 Association of ‘at PubMed, CNKI, CENTRAL ~ Heterogenous 53 22 May 4969 China, USA and ltaly
2020 review and admission lymphopenia 06,
meta- and neutrophiia’ with 2020
analysis COVID-19 severity and
mortality
7. Sheoetal, July22,2020  Systematic COVID-19 Association of AKIwith  PubMed, Web of Science, Heterogenous 878 40 June 24527 China, South Korea,
2020 review and severe COVID-19.and  Science Direct, medRxiv 20, Korea, Spain, New
meta- related mortaiity 2020 York, Kuwait and
analysis Turkey
8. Lietal, July 28,2020  Systematic COVID-19  Association of cardiac  PubMed, EMBASE, Cochrane, Heterogenous 1331 23 March 4631 China
2020 review and injury and severity and  CNKI, medRxiv, ChinaXiv 30,
meta- mortality 2020
analysis
9. Ghahramani August 03, Systematic  COVID-19  Laboratory features of  PubMed, Web of Science, Heterogenous 1988 22 March 339 China and Singapore
etal, 2020 2020 review and severe and non-severe  Science, EMBASE, Scopus 03,
meta- patients 2020
analysis
10, Jutzeler August 04, Systematic COVID-19  Risk ratio of PubMed, Web of Science, Heterogenous 2605 148 March 12149 China, Italy, USA,
etal, 2020 2020 review and comorbidities, clinical  EMBASE, Scopus, manual 28, South Korea, Taiwan,
meta- features, laboratory search 2020 Germany, France,
analysis parameters, imaging Scotland, Japan,
features, treatment and Vietnam, Canada,
complications with Singapore, Belgium,
morbidity and mortalty Finland, Russia, Spain
and Sweden
1. Lppietal,  August2s, Systematic COVID-19 RDW as predictor of ~ MEDLINE, Web of Science, ~ Heterogenous 13 3 Juy, 11445 China, USA
2020 2020 review and severity Science, Scopus 2020
meta-
analysis
12. Moutchia  October01,  Systematic COVID-19  Cinical laboratory MEDLINE, EMBASE, Web of  Heterogenous 1722 45 Apr, 9508 China, USA, France,
etal, 2020 2020 review and parameters of severe or  Science, CINAHL and Google 18, Germany, Japan and
meta- critical COVID-19 Scholar databases 2020 Singapore
analysis
13. Jahrami October 18, Systematic COVID-19  Impact of COVID-19  PubMed, MEDLINE, Webof  Heterogenous 371 44 Juy0s, 54231 China, Iraq, Germany,
etal, 2021 2020 review and pandermic on quantity o Science, Science, Scopus and 2020 India, ltay, France,
meta- qually of sleep others Mexico, Spain,
analysis Bahrain, Greece,
Australia and Canada
14. Mudatsi  November02,  Systematic COVID-19 Clinical manifestations  PubMed, EMBASE, Cochrane, Heterogenous 39 19 Apil 3578 China (cities-Wuhan,
etal, 2020 2020 review and and laboratory findings ~ Web of science 05, Shenzen, Fuyang and
meta- of mild to severe 2020 Chongging)
analysis CovID-19
15. Mesasetal, November03, ~Systematic COVID-19 Prediotors of in-hospital PubMed, MEDLINE, Web of  Heterogenous 12254 60  May 51225 China, Italy, Israel,
2020 2020 review and mortality Science, Science, Scopus 17, Pakistan, Brazil, Spain,
meta- 2020 UK, Switzerland,
analysis France, USA, South
Korea and Iran
16. Izoovich November 17,  Systematic COVID-19  Prognostic factors for  PubMed, MEDLINE, EVBASE, Heterogenous 569 207 April 57044 China, USA, Canada,
etal, 2020 2020 review and severity and mortality  CENTRAL 28, Spain, France, Turkey,
meta- 2020 Korea, Japan, Italy,
analysis Germany, India and
Singapore
17. Del Zompo  December, Systematic COVID-19  Prevalence of liver injury PubMed, MEDLINE, PMC, Heterogenous 12484 36 August 20724 China, USA, ltaly,
etal, 2020 2020 review and with COVID-19 severty  EMBASE, Web of Science, 03, South Korea, France
meta- and in-hospital fatality  clinical tral registries, 2020 and Germany
analysis publications from ArXiv,

BioRxiv, Elsevier, MedRxiv,
WHO sources and other
databases searched for
coronavirus family publications

18. Hannum  December05,  Systematic COVID-19 Ofactory loss in COVID- PubMed, MEDLINE and Heterogenous 43 34 Apil 19746 China, Italy, Sweden,
etal, 2020 2020 review and 19 Google Scholar 30, Iran, Germany, Israel,
meta- 2020 Switzerland, UK, USA

analysis Taiwan, Korea,

Belgium, Spain,

France, Australia,
Singapore and Iceland

19. lsrafietal, January 11, Systematic COVID-19 Clinical characteristics  PubMed, Web of Science, Heterogenous 557 34 May 10889 China, USA, ltaly,
2021 2021 review Scopus, Science Direct, and 07, Singapore, UK,
Google Scholar 2020 France, Japan and
Macau
20. Polyetal, February05,  Systematic COVID-19 Impact of obesiy, PubMed, EMBASE, Google ~ Heterogenous 252 17 August 543399 China, Italy, Mexico,
2021 2021 review and associated Scholar, Web of Science, and 30, USA, France and UK
meta- comorbidities and other  Scopus 2020
analysis factors on risk of
COVID-19 related
mortality

CENTRAL, Cochrane Central Register of Controlled Trials; CINAHL, Cumulative Index of Nursing and Allied Health Literature; CKNI, China National Knowledge Infrastructure; COVID-19, coronavirus disease 2019; EMBASE, Excerpta Medica
database; MEDLINE, Medical Literature Analysis and Retrieval System Online; PMC, PubMed Central: UK, United Kingdom; USA, United States of America.
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Vaccine Type Advantages Disadvantages
Nucleic acid Scalability. Currently, few nucleic acid vaccines approved, including
vaccines Fast design and development. vaccine for SARS-CoV-2.
Extremely safe. DNA vaccines require a special delivery platform.
No infectious agent handling is required. mRNA vaccines exhibit instability and require storage at less
Can induce humoral and cellular responses. than -20°C.
Viral-vectored Can induce robust humoral and cellular responses with a single dose. Preexisting immunity against a human viral vector can attenuate
vaccines™ Good safety profile. immune responses.

Protein Subunit
vaccines™

Polysaccharide
vaccines®

Conjugate
vaccines™

Virus-like particles
vaccines™

Safety during production.
Can be safely administered to immunosuppressed people.
No infectious agent handling is required.

Provides an altemnative for vaccines against pathogens with an abundance of
polysaccharide antigens (mostly bacteria).

Enhances the poor immunologic responses produced

by polysaccharide vaccines as it induces T-dependent

responses.

They combine the efficacy of attenuated vaccines and the safety of subunit
vaccines.

Scalability of production.

Their size makes them ideal for uptake by APCs.

Some candidates require storage at less than -20°C.
Small size of antigens diminishes their uptake by antigen-
presenting cells (APCs).

Low immunogenicity.

Need several booster doses and adjuvants.

Do not elicit cellular responses.

Antigen integrity needs to be confirmed.

Production limited by antigen production scalability.
Boost doses seldomly enhance the responses.

Only IgM isotype and IgG2 subtype are induced, leading to
limited antibody mediated effector functions.

Poor memory responses.

Works poorly on children.

Absence of cellular responses.

Adjuvant and booster doses needed.

The assembly of the particles is sometimes
challenging.

An example of vaccine used with this approach ["Ebola; Hep B, Hep C, Influenza, Human Papilloma Virus (HPV); ¥Pneumococcal polysaccharide vaccine (PPSV or PPV-23);
*Streptococcus pneumoniae vaccine, Neisseria meningitidis conjugated vaccine (meningococcal vaccine), Typhoid vaccine, Haemophilus influenzae type b vaccine; *HPV, Hep B].
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Type First Variation in Risk and impact on vaccine efficacy References

detected spike
in
country
VOC UK. N501Y Increased risk of death compared with other (Arif, 2021; CDC, 2021b; Coliier et al., 2021; Edara et al., 2021; Emary
202012/ 144Y del variants. et al., 2021; Galloway et al., 2021; Muik et al., 2021; Ostrov, 2021;
01 GRY 69/70 deletion ~50% increased transmission, Minimal impact Planas et al., 2021; Shen et al., 2021; Wang et al., 2021a; Wu et al.,
(B.1.1.7) P681H, D614G  on neutralization by convalescent and post- 2021)

vaccination sera
VOC GH/  South Shares some No evidence to suggest that this variant has any  (Kim et al., 2021; Planas et al., 2021; Wang et al., 2021b; Zhou et al.,
501Y.V2  Africa mutations with impact on disease severity or impact on 2021)
(B.1.351) B1.1.7 neutralizing antibodies.
K417N, E484K
N501Y, D614G

VOC GR/  Brazil, 17 unique The emergence of this variant raises concerns of  (CDC, 2021b; Dejnirattisai et al., 2021; Hoffmann et al., 2021)
501Y.V3  Japan mutations, a potential increase in transmissibility or
(P.1) K417T, E484K,  propensity for SARS-CoV-2 re-infection of
and N501Y individuals.
VUI &/ UK, E484K E484K mutation associated with potential (Jangra et al., 2021)
484K.V3  Nigeria Q677H immune escape.
(B.1.525) F888L.
VOC G/ India L452R, E484Q,  Slightly reduced neutralization by post- (Greaney et al., 2021a; Yadav et al., 2021)
452R.V3 D614G vaccination sera
(B.1.617+)
VUIGH/  USA $13I, W152C, ~20% increased transmissibility, (Deng et al., 2021)
452R.V1 L452R, D614G  Reduced neutralization by convalescent and
(B.1.429) postvaccination sera

Scientists are looking into how effective a vaccination might be in protecting persons infected with SARS-CoV-2 variants. The table displays the most common variants, countries first
detected in, newly identified mutations in spike protein, and the risks they bring to public health (CDC, 2021a).
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Developer

Pfizer/
BioNtech

Moderna/
NIAID

Oxford
University/
AstraZeneca

Bharat
Biotech/ICMR

Gamaleya

Beijing
Institute of
Biological
Products/
Sinopharm
Sinovac

CanSino/BIB

Johnson &
Johnson

Novavax

Vector
Institute

WIBP/
Sinopharm

Vaccine
Name

Comirnaty,
tozinameran,
BNT162b1
BNT162b2

mRNA-1273

AZD1222/
ChAdOx1
nCoV-19
(Covishield in
India)
Covaxin,
BBV152 A, B,
(¢}

Sputnik V,
Gam-Covid-
Vac

BBIBP-CorV

CoronaVac,
PiCoVacc

Convidecia,
Ad5-nCoV

Ad26.COV2.
S

NVX-
Cov2373

EpivVacCorona

WIBP-CorV

Vaccine Type

mRNA encapsulated in
lipid nanoparticle (LNP)

mRNA encapsulated in
lipid nanoparticle (LNP)

Attenuated adenoviral
vector (nonreplicating)
from chimpanzee ChAd

Whole virion Inactivated
SARS-CoV-2 vaccine +
adjuvant

two nonreplicating viral
vectors, adenovirus type
5 (rAd5) and adenovirus
type 26 (rAd26)

Inactivated SARS-CoV-2
vaccine (Vero cell)

Inactivated virus

Adenovirus based viral
vector (Ad5)-
Nonreplicating
Adenovirus based viral
vector (Ad26)-
Nonreplicating

S Protein adjuvanted
with recombinant
novavax protein

Chemically synthesized
peptide antigens of
SARS-CoV-2 proteins

Inactivated virus
propagated in Vero cells

SARS-CoV-2 Antigen

SARS-CoV-2 RBD and S
protein full length in prefusion
conformation for BNT162b1
and BNT162b2 respectively

Full length S protein with
prefusion conformation

full-length codon-optimized S
protein

Whole virus

SARS-CoV-2 full-length
glycoprotein S

Whole virus

Whole virus

SARS-CoV-2 full length S
protein

SARS-CoV-2 full length S

protein

Trimeric SARS-CoV-2 full
length S protein

Peptide Subunit Vaccine

Whole virus

Doses
and
Route

Twice
@®
weeks
apart),
LM,
Twice
3
weeks
apart),
.M.
Twice
@
weeks
apart),
LM,
Twice
@2
weeks
apart),
.M.
Twice
&}
weeks
apart),
LM,
Twice
[}
weeks
apart),
LM,
Twice
@
weeks
apart),
LM,
Single,
LM,

Single,
.M.

Twice
@®
weeks
apart),
LM.
Twice
(€]
weeks
apart),
LM,
Twice
@®
weeks
apart),
.M.

Storage

-70°C to
-80°C (6
months)

4°C (30
days), -
20°C (6
months)

2°C-8°C

2°C-8°C

-20°C

2°C-8°C

2°C-8°C

2°C-8°C

20°C (2
years), 2°
c-8°C(@3
months)
2°C-8°C
@®
months),
20°C 2
years)
2°C-8°C
(2 years)

2°C-8°C

Efficacy

95%

94.5%

70%

81%

92%

79%

50%-91%

79%

76.7%—
85.4%

89.3% (P-
3, UK),
90%
(South
Africa Trial)
100%

72.5%

Status

Emergency use in
U.S.,, E.U. etc.,
Approved in several
countries

Approved in
Switzerland.
Emergency use in
U8, UK EU,;
others

Emergency use in
UK., EU., India and
other countries

Emergency use in
India

Early use in Russia.
Emergency use in
other countries
including India

Approved in China,
U.AE., Bahrain.
Emergency use in
Egypt, other countries

Approved in China.
Emergency use in
Brazil, Singapore,
Malaysia, and
Philippines
Emergency use in
China and Mexico

Applied for emergency
use authorization in

us.

Early use in UK and
Australia

Early use in Russia

Bahrain, Jordan,
Egypt, UAE

References

(Polack
et al.,, 2020)

(Voysey
et al., 2021)

(Voysey
etal., 2021)

(Bharat
Biotech,
2021a)

(BBC News,
2020b)

(BBC News,
2020a)

(BCB News,
2021)

(BBC News,
2020a)

(US FDA,
2021)

(Press
release,
2021)

(Belta News,
2021)

(Reuters-
Staff, 2021)

Vaccines developed by several companies and institutions on multiple platforms have been introduced in most countries. Vaccine efficacy is influenced by a variety of factors, including
vaccine type, proper packaging, number of dosages, and booster requirements after a certain time interval as well as the route of administration. Vaccines with the potential to boost
ongoing pandemic response have been introduced in many countries, on either an approved or emergency basis (Chakraborty et al., 2021; WHO, 2021b; Yan et al., 2021).

ICMR., Indian Council of Mediical Research; WIBP., Wuhan Institute of Biological Products; BIB., Beijing Institute of Biotechnology; NIAID., National Institute of Allergy and Infectious
Diseases; U.S., United State, EU., European Union; U.A.E., United Arab Emirates; U.K., United Kingdom; I.M., Intramuscular, P-3 (Phase-lll trial).
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Platform Type of candidate vaccine Developer Clinical phase trial
DNA INO-4800+electroporation Inovio Pharmaceuticals + NCT04642638
International Vaccine Institute Phase I/IIl
AG0301-COVID19 AnGes + Takara Bio + Osaka NCT04655625
University Phase /Il
nCov vaccine Zydus Cadila CTRI/2020/07/026352
Phase Il
RNA ARCT-021 Arcturus Therapeutics NCT04668339
Phase Il
SARS-CoV-2 mRNA vaccine (ARCoV) Academy of Military Science (AMS), ~ NCT04847102
Walvax Biotechnology and Suzhou  Phase Il
Abogen Biosciences
mRNA-1273.351. A lipid nanoparticle (LNP)-encapsulated mRNA-based vaccine Moderna + National Institute of EUCTR2021-000930-32
that encodes for a full-length, prefusion stabilized S protein of the SARS-CoV-2 Allergy and Infectious Diseases Phase Il
B.1.351 variant. (NIAID)
CVnCoV Vaccine CureVac AG NCT04674189
Phase Il
Protein Recombinant SARS-CoV-2 vaccine (CHO Cell) Anhui Zhifei Longcom ChiCTR2000040153(Phase
Subunit Biopharmaceutical + Institute of 1]
Microbiology, Chinese Academy of
Sciences
VAT00002: SARS-CoV-2 S protein with adjuvant Sanofi Pasteur + GSK PACTR202011523101903
Phase Il
FINLAY-FR-2 anti-SARS-CoV-2 Vaccine (RBD chemically conjugated to tetanus Instituto Finlay de Vacunas RPCEC00000354 Phase lll
toxoid plus adjuvant)
CIGB-66 (RBD+aluminum hydroxide) Center for Genetic Engineering and  RPCEC00000359
Biotechnology (CIGB) Phase Il
Non- GRAd-COV2 (Replication defective Simian Adenovirus (GRAd) encoding S) ReiThera + Leukocare + Univercells  NCT04791423
Replicating Phase II/lll
Viral Vector
Replicating DeINS1-2019-nCoV-RBD-OPT1 (Intranasal flu-based-RBD) University of Hong Kong, Xiamen Phase Il
Viral Vector University and Beijing Wantai ChiCTR2000039715
Biological Pharmacy
Inactivated SARS-CoV-2 vaccine (vero cells) Institute of Medical Biology + NCT04659239
Chinese Academy of Medical Phase Il
Sciences
QazCovid-in - COVID-19 inactivated vaccine Research Institute for Biological NCT04691908
Safety Problems, Rep of Kazakhstan Phase Il
Inactivated SARS-CoV-2 vaccine (Vero cell) Beijing Minhai Biotechnology Co NCT04852705
Phase Il
VLA2001 Valneva, National Institute for Health  NCT04864561
Research, United Kingdom Phase Il
COVID-19 inactivated vaccine Shifa Pharmed Industrial Co IRCT20201202049567N3
Phase II/Ill
VLP Coronavirus-Like Particle COVID-19 (CoVLP) Medicago Inc. NCT04636697
Phase II/Ill

Platforms being used in development of vaccine against SARS CoV-2; these candidate vaccines are in either preclinical or various clinical phase trial stages and have not yet been licensed
or launched by firms (WHO, 2021a).





OPS/images/fcimb.2021.690621/fcimb-11-690621-g006.jpg
A

Frequent mutations
in viral genome

* RNAvirus - prone to higher rates
of mutation

* S protein RBD - most variable
region in genome

« genetic drift and escape immune
recognition

* Consider sub-strains with

different mutations for antigens. Major hurdles in

ariant vaccine

to develop mul
+ T cell immunity-}

ased vaccines vaccine development vaccine or Treg or IL-10 indu

Cytokine storm during COVID-19
vaccination

+Elevated serum level of IL-6, IFN-a,
CCLS, CXCL8 and CXCL-10 in
vaccinated people makes the safety
of vaccine debatable
«ARDS, multiple organ failure are
possible due to cytokine storm
+rBCG based multivariant can

should be preferred for . candidate
intracellular pathogens and their “Vaccine with multiple antigens or
possible resolutions multivariant vaccines should be

D

Antibody dependent enhancements (ADE)

ADE response still remains unclear for SARS-CoV-2
*SARS-CoV vaccine elicited Ab enhance B cell
infection despite protective response in hamster
+anti-SARS-CoV  Ab-virion-Fc receptor enhance
entry, replication, modulate local cytokine response
*May affect safety and efficacy of passive and active
immunization
“Vaccine candidates against other non surface
proteins e.g. nucleocapsid should be preferred
*Vaccine candidates elucidating CD8'T response
should be preferred

developed using various platforms

Cc

Memory response against SARS-CoV-2

There is no evidence of memory
response In SARS-CoV-2 hence long
lasting efficacy of vaccines are
questionable

~Common hCoVs might induce CD8+ T
cells- might kill SARS-CoV2 their
MHC-1 epitopes could be used for
vaccine development

“Protein (-coding) vaccines having
large part of ORFlab product to
include multiple MHC-1, Il epitopes
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Releasa of ACE2 nto the exraceiar space
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