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The outbreak of the current 2019 novel coronavirus (2019-nCoV, now named SARS-CoV-2) infection has become a worldwide health threat. Currently, more information is needed so as to further understand the transmission and clinical characteristics of 2019-nCoV infection and the infection control procedures required. Recently, the role of the eye in transmitting 2019-nCoV has been intensively discussed. Previous investigations of other highly infectious human CoVs, that is, severe acute respiratory syndrome coronavirus (SARS-CoV) and the Middle East respiratory syndrome coronavirus (MERS-CoV), may provide useful information. In this review, we describe the genomics and morphology of human CoVs, the epidemiology, systemic and ophthalmic manifestations, and mechanisms of human CoV infection, and recommendations for infection control procedures. The role of the eye in the transmission of 2019-nCoV is discussed in detail. Although the conjunctiva is directly exposed to extraocular pathogens, and the mucosa of the ocular surface and upper respiratory tract are connected by the nasolacrimal duct and share the same entry receptors for some respiratory viruses, the eye is rarely involved in human CoV infection, conjunctivitis is quite rare in patients with 2019-nCoV infection, and the CoV RNA positive rate by RT-PCR test in tears and conjunctival secretions from patients with 2019-nCoV and SARS-CoV infection is also extremely low. This suggests that the eye is neither a preferred organ of human CoV infection nor a preferred gateway of entry for human CoVs for infecting the respiratory tract. However, pathogens that the ocular surface is exposed to might be transported to nasal and nasopharyngeal mucosa by constant tear rinsing through the lacrimal duct system and then cause respiratory tract infection. Considering that close doctor-patient contact is quite common in ophthalmic practice and is apt to transmit human CoVs by droplets and fomites, strict hand hygiene and proper personal protection are highly recommended for health care workers to avoid hospital-related viral transmission during ophthalmic practice.
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INTRODUCTION

Coronavirus (CoV) is an enveloped single-stranded positive-sense RNA virus that typically causes respiratory and enteric infections affecting both human and wild animals (1–3). Since first being identified in the 1960s, Human CoVs were considered relatively benign and usually caused mild upper respiratory tract infections (the common cold) until the emergence of the severe acute respiratory syndrome coronavirus (SARS-CoV) in 2002 and, later, the Middle East respiratory syndrome coronavirus (MERS-CoV) in 2012 (4). The latter two CoVs can result in severe lower respiratory tract infection, rapidly proceeding to pneumonia, and have caused thousands of cases of infection and hundreds of deaths in about 30 countries, respectively (2, 4). In December 2019, another outbreak of highly infectious pneumonia caused by a novel coronavirus (2019-nCoV, now named as SARS-CoV-2) emerged in Wuhan, China, and soon became a major global health threat (2, 3).

Currently, more detailed information about the transmission of 2019-nCoV is urgently needed to prevent its pandemic spread. Human CoVs mostly spread through respiratory droplets expelled by infected individuals and direct contact with virus-contaminated fomites (4). Anatomically, the conjunctiva of the eye is easily exposed to infectious droplets and fomites during close contact with infected individuals and contaminated hands. Some respiratory viruses such as human adenovirus (species D) and avian influenza virus (H7) frequently cause highly infectious conjunctivitis or keratoconjunctivitis. Hence, conjunctiva is postulated to be an important portal of entry for respiratory viruses, while tear and conjunctival secretions may contain virus and spread viral infection (4, 5).

However, the role of the eye in the transmission of human CoVs is still under discussion, as considerable controversy exists. This review presents the genomics and morphology of human CoVs, the epidemiology, systemic and ophthalmic manifestations, and mechanisms of human CoV infection, and the role of the eye in the transmission of human CoVs. Infection control procedures and personal protective equipment against human CoV transmission in ophthalmic practice are also reviewed.



GENOMICS

CoVs have an enveloped single positive-strand RNA genome with a 5′-terminal cap structure and a poly(A) sequence at the 3′ end. CoV genome is approximately 30 kb (27~32 kb) long and is the largest RNA genome known so far (1, 4, 6). CoVs belong to the family Coronaviridae and the order Nidovirales and are classified into four genera: α-CoV, β-CoV, γ-CoV, and δ-CoV (1, 6, 7).

Until now, a total of seven human CoVs have been identified, namely HCoV-229E, HCoV-NL63, HCoV-OC43, HCoV-HKU1, SARS-CoV, MERS-CoV, and, recently, 2019-nCoV (1–3, 6–8). The former two human CoVs belong to the genus α-CoV, and the latter five human CoVs belong to the genus β-CoV. Three recently identified human CoVs, that is, SARS-CoV, MERS-CoV, and 2019-nCoV, have been recognized as zoonotic viruses, which transmit between animals and human. Recent studies revealed that SARS-CoV was transmitted from civet cats to humans, MERS-CoV from dromedary camel, and 2019-nCoV (probably) from pangolin (1, 2, 6–9). Recent investigations indicated that bats were most probably the natural reservoir of SARS-CoV, MERS-CoV, and 2019-nCoV (1, 6, 9–11). Genome sequence analysis revealed that 2019-nCoV was distinct from SARS-CoV (about 79% identity) and MERS-CoV (about 50% identity) yet more closely related to SARS-like-CoVs (about 88% identity) in bats (10, 11).



MORPHOLOGY

CoV particles have a spherical or elliptical shape with a diameter of about 100 nm (50~200 nm). They carry three major structural proteins in the envelope and contain a helical nucleocapsid formed by the viral genomic RNA and the viral nucleoprotein. The viral spike protein has receptor-binding and fusogenic functions and is essential for initiation of CoV infection (1, 8, 12–14). Further three-dimensional structure analyses suggest that the spike protein is composed of two subunits: S1, which mediates SARS-CoV binding to receptors on host cell membranes, and S2, which triggers the membrane fusion between the virus and host cells (11, 13).



EPIDEMIOLOGY

Four human CoVs, that is, HCoV-229E, HCoV-NL63, HCoV-OC43, and HCoV- HKU1, are usually low in infectiousness and primarily infect the upper respiratory tract, causing mild respiratory symptoms (the common cold), whereas the other three human CoVs, SARS-CoV, MERS-CoV, and 2019-nCoV, are zoonotic and highly infectious and predominantly cause severe lower respiratory tract infection which can rapidly proceed to pneumonia (1–3, 8, 15, 16). The outbreak of SARS in 2002 in China resulted in 8,098 cases and 774 deaths (case-fatality rate, 9.6%) in 37 countries, and the outbreak of MERS in 2012 in Middle East Countries led to 2,494 cases and 858 deaths (case-fatality rate, 34%) in 27 countries (2). As of February 24, 2020, 2019-nCoV has caused 77,262 cases and 2,595 deaths in China, and 2,069 cases and 23 deaths in 29 other countries (total case-fatality rate, 3.3%) (15–17). Hence, although 2019-nCoV can cause a severe respiratory disease like SARS and MERS, it appears to be less pathogenic than SARS-CoV and much less so than MERS-CoV. However, the number of 2019-nCoV infected patients in the first two months was nearly 10 times that of SARS patients in total, which indicated that 2019-nCoV is more transmissible than SARS-CoV and MERS-CoV (16).

Human CoVs primarily spread by virus-containing droplets or aerosols expelled by infected individuals when patients cough, talk loudly, or sneeze. Direct contact with virus-contaminated fomites is also a route of human CoV transmission (4, 8, 18–20). Recently, SARS-CoV and 2019-nCoV have also been detected in stool and urine samples from patients by RT-PCR assay and have been isolated from the mucous membranes of gastrointestinal tract in a few cases (9, 16, 21). Hence, fecal-oral route may also be a route of transmission for SARS-CoV and 2019-nCoV.



CLINICAL MANIFESTATIONS

The clinical features of coronavirus disease 2019 (CoVID-19) are similar to those of SARS and MERS. Most patients present with fever, dry cough, dyspnoea, and bilateral ground-glass opacities on chest CT scans (2, 3, 22–24). However, CoVID-19 rarely results in notable symptoms of upper respiratory tract infection (e.g., rhinorrhea, sneezing, or sore throat), which are commonly manifested in SARS and MERS. Some CoVID-19 patients even manifest no apparent respiratory symptoms at onset, which never occurred in SARS and MERS (24–26). Mathematical models have revealed that the 2019-nCoV virus may replicate very slowly in the first days after infection and that it could be below detection levels during the first four days post infection (26).

Recent investigations have also revealed that CoVID-19 occasionally manifests as enteric infection symptoms such as diarrhea, whereas about 20~25% of patients with MERS or SARS had diarrhea (25). Moreover, more than 80% of CoVID-19 has manifested as mild or moderate pneumonia, and the severe CoVID-19 has mostly occurred in the patients of over 60 years old, usually accompanied by at least one underlying disorder, for example, cardiovascular disorders, diabetes, chronic obstructive pulmonary disease, and hypertension (24).



OPHTHALMIC MANIFESTATIONS

The eye is rarely involved in human CoV infection. Until now, conjunctivitis has been reported in only five cases with 2019-nCoV infection, and in four cases with HCoV-NL63 infection, whereas no conjunctivitis or other ocular complications have been reported in patients with SARS-CoV and MERS-CoV infection (4, 27–31). Recently, human CoV RNA in tears and conjunctival scraping samples were tested by reverse transcription-polymerase chain reaction (RT-PCR) assay in patients with SARS and CoVID-19, yet the positive rate of the RT-PCR test was extremely low (4, 30–37).

Loon and colleagues detected SARS-CoV in tear samples from 36 consecutive SARS suspects (eight patients were laboratory-confirmed later) by RT-PCR (32). SARS-CoV was positive only in three of the eight SARS cases. Three patients whose tears were SARS-CoV positive were sampled in the early phase of their illness (on Days 3, 4, and 9 after onset of fever, respectively), whereas the other five SARS cases, whose tears were SARS-CoV negative, were sampled in the later phase (mean 19.4 days) of their illness (32). Nearly at the same time, Chan and colleagues reported their negative results of SARS-CoV testing in tear and conjunctival scraping samples from 20 probable SARS patients (17 patients were laboratory-confirmed later) by RT-PCR and virus culture (33). Among 17 confirmed SARS patients, 6, 8, and 3 cases were recruited during the first, second, and third week of their diseases, respectively. SARS-CoV RNA was not detected by RT-PCR and SARS-CoV was not isolated in virus culture in any of the tear and conjunctival scraping samples (33). Leong and colleagues tested for SARS-CoV in 126 conjunctival specimens from 64 SARS patients in the convalescent phase by RT-PCR but did not detect SARS-CoV in any of the patients' conjunctival samples (22).

On January 22, 2020, a Chinese respiratory specialist who visited Wuhan as a member of the national expert panel on pneumonia claimed that he was infected by 2019-nCoV despite being fully gowned with a protective suit and N95 respirator (34). His first clinical manifestation was unilateral conjunctivitis, followed by fever and catarrhal symptoms 2 or 3 h later. He postulated that 2019-nCoV probably first infected the conjunctiva, then spread and cause viral pneumonia (34). Soon after his report, health care personnel in China were urged to use eye protection when they were in close contact with CoVID-19 patients or suspected patients. However, Zhou and colleagues, in a preprint posted at medRxiv, reported that conjunctivitis was identified only in one patient out of 63 CoVID-19 cases and 4 suspected CoVID-19 cases (27). Conjunctivitis was also the first symptom of 2019-nCoV infection in this patient. However, 2019-nCoV RNA tested by RT-PCR was positive and probably positive in conjunctival swab samples from only one and two CoVID-19 cases without conjunctivitis, respectively. None of the above three patients had ocular symptoms. 2019-nCoV RNA was not detected in conjunctival swab samples from the CoVID-9 patient complicated by conjunctivitis, who was an anesthesiologist. Her ocular symptoms occurred soon after performing tracheal intubation for a patient who was confirmed as having CoVID-19 later, and this was followed by fever and cough. Unfortunately, the personal protections used by this anesthesiologist during the tracheal intubation procedures were only a surgical mask, cap, and gloves, without a gown, face shield or goggles. Her five colleagues were also infected by the same patient, yet none of them exhibited any ocular complications (27).

More recently, two investigative groups from China simultaneously reported conjunctivitis and 2019-nCoV RNA-positive tests in conjunctival swab samples from CoVID-19 patients (28, 31). Zhang and colleagues, in a preprint posted at medRxiv, reported conjunctivitis in two patients out of 72 laboratory-confirmed CoVID-19 cases; however, 2019-nCoV was detected in conjunctival swab samples by RT-PCR in only one patient who was a nurse working in the Emergency Department (28). This patient presented with excessive tearing and redness in both eyes, which were typical ocular manifestations of viral conjunctivitis, accompanied by a moderate fever of 38.2°C that occurred 1 day earlier. 2019-nCoV RT-PCR tests for the conjunctival and oropharyngeal swabs sampled 2 days after the onset of fever was positive, but for those sampled 9, 18, and 20 days after the onset of fever were all negative (28). Xia and colleagues reported unilateral conjunctivitis in one patient out of 30 confirmed CoVID-19 cases; conjunctival swabs sampled from this patient 3 and 5 days after the onset of CoVID-19 were both positive for 2019-nCoV by RT-PCR, whereas 58 conjunctival swab samples from the other 29 CoVID-19 patients were all negative for 2019-nCoV (31). However, 2019-nCoV was not isolated and cultured in the conjunctival swab samples from the CoVID-19 patient with conjunctivitis. In contrast, 55 of the 60 sputum samples from 30 CoVID-19 cases showed positive PCR results for 2019-nCoV (31).

Although tears have been reported by the World Health Organization in 2003 to be one of the body fluids that might contain SARS-CoV, the infectivity and clinical importance is not yet understood (35). Recent investigations have revealed that highly infectious human CoVs (mainly SARS-CoV and 2019-nCoV) are rarely detected by RT-PCR and never isolated by virus culture in tears and conjunctival secretions from SARS and CoVID-19 patients (27–34, 36). Hence, it is hard to assess the infectivity of tears and conjunctival secretions and their roles in virus transmission.

The extremely low positive rate of human CoV RNA test by RT-PCR in tears and conjunctival secretions from patients with SARS and CoVID-19 may have several interpretations. Firstly, the sensitivity of RT-PCR testing still needs to be improved. Previous reports on the sensitivity of RT-PCR in excretions reported a range from 50% to 60% (33, 37). In current clinical practice, some suspected 2019-nCoV cases often had 2~3 repeated tests of nasopharyngeal swabs before the positive results were obtained (28). The need remains for a highly sensitive and specific PCR test to diagnose human CoV infections. Secondly, the samples were not collected at the right time. Recent evidence indicated that human CoV RNA-positive cases were all sampled in the early part of the disease course, whereas human CoV RNA-negative cases sampled in the later or convalescent phase of their illness (33). de Wit and colleagues demonstrated that, based on their rhesus macaque model study, MERS-CoV RNA could be detected in the conjunctiva only within 6 days post infection (38). Hence, it is reasonable to postulate that human CoV may present in tears only for a short period during the early phase of the disease. Thirdly, the contribution of antimicrobial agents, including lactoferrin and secretory IgA, in tears and constant tear rinsing, which continuously eliminates the virus on the ocular surface into the nasal cavity through the nasolacrimal duct (37, 39, 40), should be considered. Lactoferrin can inhibit the binding of SARS-CoV to its entry receptor, angiotensin-converting enzyme 2 (ACE2), by preventing the adhesion of SARS-CoV to its attachment receptor, heparan sulfate proteoglycans (HSPGs) (41). Secretory IgA is another important antimicrobial agent in tears that helps to kill both bacteria and viruses. The host immune system can be activated and result in a significant increase in lactoferrin and secretory IgA levels in tears and circulating IgM level in plasm on the 3rd to 5th day and circulating IgG level in plasm on the 10th to 15th day after CoV infection or inoculation (39, 41), which may contribute to why CoV RNA presents only in the early phase of the disease. Fourthly, the collection technique may not appropriate. The World Health Organization highly recommends the use of only synthetic fiber swabs with plastic shafts rather than calcium alginate swabs or swabs with wooden shafts for specimen sampling, as the latter two types of swabs may contain substances that inactivate some viruses and inhibit PCR testing (40). Topical anesthesia is also not recommended for tear and conjunctival scraping sampling, for a topical anesthetic agent maybe also have a negative influence on the viability of viruses (40). Moreover, the volume of tears collected when sampling may also have some influence on the positivity of the RT-PCR test.



MECHANISMS OF HUMAN COV TRANSMISSION

Anatomically, the mucosa of the ocular surface (i.e., conjunctival and corneal epithelia) and the upper respiratory tract are connected by the nasolacrimal duct (4). When dropped into the eye, liquid is partially absorbed by the cornea and conjunctiva but mostly drained into the nasal cavity through the nasolacrimal duct and then transported toward the lower part of the respiratory tract, including the nasopharynx and trachea, or swallowed into the gastrointestinal tract (37). This allows pathogens to which the eye is exposed to be transported to respiratory and gastrointestinal tract mucosa. Moreover, previous investigations have revealed that the mucosa of the ocular surface and respiratory tract share the same receptors for some respiratory viruses (4, 42–44). ACE2, the entry receptor of SARS-CoV, HCoV-NL63, and 2019-nCoV, is highly expressed on human lung alveolar epithelial cells, enterocytes of the small intestine, and the proximal tubular cells of the kidney (4, 42). Positive expression of ACE2 was also detected in human conjunctival and corneal epithelial cells; however, ACE2 expression in human ocular surface is much lower than in human lung and kidney tissues (43). The binding capability of ACE2 protein on conjunctival epithelial cells to SARS-CoV spike protein is much lower than that on Vero E6 cells and that in lung tissues (44).

The efficacy of virus entry into host cells depends on three points: the invasiveness of the virus, viral receptors on host cell membrane, and the immune conditions of the host. The virus binding to host cell membrane by its receptors is the first and key step for viral invasion. ACE2, a metallopeptidase, also the entry receptor of SARS-CoV, HCoV-NL63, and 2019-nCoV, is responsible for binding to spike protein on the SARS-CoV and HCoV-NL63 surface and mediating SARS-CoV and HCoV-NL63 entry into host cells (4, 11, 42–45), while MERS-CoV and most α-CoVs have been identified to utilize dipeptidyl peptidase 4 and aminopeptidase N as an entry receptor of their host cells, respectively (46). Further investigations have revealed that the invasion of SARS-CoV and HCoV-NL63 into host cells not only relies on the presence of ACE2 on host cell membrane as an entry receptor but also is modulated by other factors on host cell membranes such as HSPGs, which serve as attachment receptors (40, 45, 47).

At present, the mechanism of human CoV invasion into host cells is still not clear. Lang and Milewska described the possible mechanism of ACE2-mediated host cell entry for SARS-CoV and HCoV- NL63 virus (41, 45, 47). First, the virus docked and bound to host cells by the interaction between the spike protein on viral surface and heparan sulfate chains of HSPGs on host cell membrane. This action facilitated further binding of spike protein on viral surface to its entry receptor, ACE2, on host cell surface. Then, the binding of spike protein of the virus to ACE2 protein of host cell membrane triggered the recruitment of clathrin, followed by clathrin-mediated dynamin-dependent endocytosis of viral particles, which required actin cortex remodeling (39, 45, 47). Considering the 2019-nCoV has similar spike protein to SARS-CoV, and also uses ACE2 as its entry receptor to infect host cells, it is reasonable to presume that 2019-nCoV has the same invasive strategy for host cell entry as SARS-CoV and that HSPGs may also act as attachment receptors during the entry of 2019-nCoV into its host cells.



INFECTION CONTROL AND PERSONAL PROTECTION

Patients infected by 2019-nCoV, similar to SARS cases, mostly present with non-specific symptoms such as fever, dry cough, and dyspnoea, or, in some cases, no evident symptoms, at the early phase of the disease (9, 16, 23–27, 48). Hence, it is a challenging task for health care professionals in the northern hemisphere to distinguish early 2019-nCoV infection from influenza and other respiratory viral infections in the seasons of winter and spring when respiratory diseases frequently break out (48). Hospital-related viral transmission, especially transmissions between patients and health-care workers, is frequently reported just before the outbreak of a highly infectious novel respiratory virus such as SARS-CoV and 2019-nCoV (8). Previous investigations have revealed that patients infected by a novel virus never identified before can easily transmit the pathogen to health personnel without enough personal protection; the latter getting infected will further become a source of spread and soon cause hospital-related viral transmission (8, 49–53). In fact, 386 of 1,755 patients (21.9%) and eight deaths were health-care workers during the SARS outbreak (49). As of February 11, 2020, a total of 3019 medical health workers have been infected by 2019-nCoV in China, among whom 1,716 cases were laboratory-confirmed CoVID-19, and five cases passed away, including an ophthalmologist named Wenliang Li, the whistleblower of 2019-nCoV infection in China (9, 16).

At present, the physicochemical properties of 2019-nCoV are not yet clear. Based on previous experience in SARS-CoV and MERS-CoV infection control, it is postulated that 2019-nCoV is sensitive to ultraviolet irradiation and heating. Sterilization can be achieved by heating at 56°C for 30 min and by lipid solvents including 75% ethanol, chlorine-containing disinfectant, peroxyacetic acid, and chloroform but not by chlorhexidine (50–52). Many ophthalmic instruments, i.e., probes for A-type and B-type ultrasound, ocular contact lenses such as the Goldmann three-mirrored lens and gonioscope, trial frames, slit-lamp microscope, direct ophthalmoscope, automatic perimeter, and fundus camera, are frequently used by direct or close contact with patients and may act as media for virus spread. A non-contact tonometer may create an aerosol when measuring intraocular pressure by punching air onto the cornea of patients; hence, it may also facilitate virus spread by aerosol transmission. Therefore, complete sterilization by 75% ethanol or hydrogen peroxide cleaning or immersion should be performed soon after each use of above the ophthalmic instruments (50–52). Complete sterilization using chlorine-containing disinfectant, peroxyacetic acid, and hydrogen peroxide is mandatory for clinics and operating rooms. Hand washing, preferably with the use of chlorhexidine alcoholic hand rub, after each ophthalmic examination or therapeutic procedure is highly recommended for the prevention of cross-infection.

Routine ophthalmic examinations such as slit-lamp examination and direct ophthalmoscopy are all performed by close contact, which means that the ophthalmologists can easily be exposed to the droplets and tears or ocular secretions from, or to the ophthalmic instruments contaminated by, patients with or suspected of having SARS, MERS, or CoVID-19. Hence, strict hand hygiene and proper personal protection equipment, including masks, gowns, gloves, and goggles, are highly recommended to avoid hospital-related viral transmission during ophthalmic practice (49–53).

When an ophthalmologist examines general ophthalmic outpatients, primary personal protection with disposable cap, surgical mask, and gown is recommended. When high-risk procedures are performed on these patients, for example, direct ophthalmoscopy, lacrimal irrigation and probing, intraocular pressure measurement with non-contact tonometry, ophthalmic laser therapy, and ophthalmic surgeries, N95 respirator, gloves, and goggles or face shield, are highly recommended (50). For patients with confirmed or suspect SARS, MERS, or CoVID-19, any ophthalmic consultation should be completed within the quarantine ward to avoid cross-infection. Personal protective equipment, including disposable caps, N95 respirator, goggles, face-shields, gloves, top and pants, and protective gowns, should be worn at all times (51, 53). Moreover, hand washing, preferably with the use of a chlorhexidine alcoholic hand rub, and gloves changed after each high-risk procedure are mandatory to prevent cross-infection. Ophthalmic personnel are also recommended not to touch their goggles, face shield, surgical/N95 mask, eye, head, and neck region before the handwashing procedure is completed (51, 53).

Non-urgent ophthalmic operations and interventions, for example, cataract operations, ophthalmic plastic surgeries, squint extraocular muscle surgeries, intravitreal anti-VEGF injection, retinal photocoagulation, and YAG: Nd laser capsulotomy should be delayed if possible (50–53). Ophthalmic emergencies such as acute angle-closure glaucoma and severe ocular injury should be operated upon immediately, but the operating theater should be regarded a high-risk area, and the use of proper personal protection equipment (i.e., disposable caps, N95 respirators, face shields, goggles, surgical gowns, and gloves) should be practiced strictly. When ophthalmic emergency surgeries are performed on patients with confirmed or suspected SARS, MERS, or CoVID-19, the recommended personal protection equipment are similar to those for ophthalmic consultation of these patients. To avoid aerosol transmission during tracheal intubation, local ophthalmic anesthesia is highly recommended rather than general anesthesia, and patients should wear N95 respirators during ophthalmic surgeries under local anesthesia (51, 53).



CONCLUSION

The outbreak of the current 2019-nCoV infection has become a worldwide health threat. Although respiratory droplets and direct contact have been identified as the main routes of transmission for human CoVs, the role of the eye in transmitting human CoVs is still under discussion. Considering that the conjunctiva of the eye is directly exposed to infectious droplets and fomites during close contact with infected individuals and contaminated hands and that the mucosa of the ocular surface and the upper respiratory tract are connected by the nasolacrimal duct and share the same entry receptors for some respiratory viruses, it is reasonable to postulate three roles that the eye may play in human CoV infection. Firstly, it may be a target organ for human CoVs. Secondly, the conjunctiva may be a portal of entry for or a transporter of human CoVs to infect the respiratory tract. Thirdly, tears and conjunctival secretions may act as media that spread human CoVs. However, the eye is rarely involved in SARS-CoV, MERS-CoV, and 2019- nCoV infection; conjunctivitis has been reported in only five cases with CoVID-19 but never in SARS and MERS patients. This suggests that the eye is neither a preferred organ for human CoV infection nor a preferred gateway of entry that enables human CoVs to infect the respiratory tract.

Although it is quite rare, the possibility cannot be excluded that pathogens exposed to the eye might be transported to nasal and nasopharyngeal mucosa by constant tear rinsing through the lacrimal duct system and then cause respiratory tract infection, since mild to moderate symptomatic SARS can be developed in a cynomolgus macaques model by nasal and conjunctival SARS-CoV inoculation as well as by nasal and bronchial SARS-CoV inoculation (4, 54). Moreover, the extremely low positive rate of human CoV RNA tests by RT-PCR in tears and conjunctival secretions from patients with SARS and CoVID-19 may be related to the relatively low sensitivity of the current RT-PCR technique, later timing sample collection, and the activation of the host immune system and significant increases in lactoferrin and secretory IgA levels in tears and in circulating IgM and IgG levels in plasm. Hence, current negative RT-PCR results cannot exclude the possibility of the presence of SARS-CoV and 2019-nCoV in tears and conjunctival secretions. Considering that close doctor-patient contact is quite common in ophthalmic practice and is apt to transmit human CoVs via droplets and fomites, strict hand hygiene and proper personal protection are highly recommended for health care workers to avoid hospital-related viral transmission during ophthalmic practice.



AUTHOR CONTRIBUTIONS

CS and ZL performed the majority of the writing. CS, YW, and GL performed the literature review and data collection. ZL and CS revised the manuscript.



FUNDING

This study was supported by the Ophthalmology Star Program (QMX2019-01-001). The funding organization did not have any role in the design or conduct of this study.



REFERENCES

 1. Chen Y, Liu Q, Guo D. Emerging coronaviruses: Genome structure, replication, and pathogenesis. J Med Virol. (2020) 92:418–423. doi: 10.1002/jmv.25681

 2. Swerdlow DL, Finelli L. Preparation for possible sustained transmission of 2019 novel coronavirus: lessons from previous epidemics. JAMA. (2020) 323:1129–30. doi: 10.1001/jama.2020.1960

 3. Wu F, Zhao S, Yu B, Chen YM, Wang W, Song ZG, et al. A new coronavirus associated with human respiratory disease in China. Nature. (2020) 579:265–9. doi: 10.1038/s41586-020-2008-3

 4. Belser JA, Rota PA, Tumpey TM. Ocular tropism of respiratory viruses. Microbiol Mol Biol Rev. (2013) 77:144–56. doi: 10.1128/MMBR.00058-12

 5. Pedrosa PBS, Cardoso TAO. Viral infections in workers in hospital and research laboratory settings: a comparative review of infection modes and respective biosafety aspects. Int J Infect Dis. (2011) 15:e366–76. doi: 10.1016/j.ijid.2011.03.005

 6. Lee PI, Hsueh PR. Emerging threats from zoonotic coronaviruses-from SARS and MERS to 2019-nCoV. J Microbiol Immunol Infect. (2020). doi: 10.1016/j.jmii.2020.02.001. [Epub ahead of print].

 7. Li F. Structure, Function, and Evolution of Coronavirus Spike Proteins. Annu Rev Virol. (2016) 3:237–61. doi: 10.1146/annurev-virology-110615-042301

 8. Habibzadeh P, Stoneman EK. The novel coronavirus: a bird's eye view. Int J Occup Environ Med. (2020) 11:65–71. doi: 10.15171/ijoem.2020.1921

 9. Special Expert Group for Control of the Epidemic of Novel Coronavirus Pneumonia of the Chinese Preventive Medicine Association. An update on the epidemiological characteristics of novel coronavirus pneumonia(COVID-19). Zhonghua Liu Xing Bing Xue Za Zhi. (2020) 41:139–44. doi: 10.3760/cma.j.issn.0254-6450.2020.02.002

 10. Zhou P, Yang XL, Wang XG, Hu B, Zhang L, Zhang W, et al. A pneumonia outbreak associated with a new coronavirus of probable bat origin. Nature. (2020) 579:270–3. doi: 10.1038/s41586-020-2012-7

 11. Lu R, Zhao X, Li J, Niu P, Yang B, Wu H, et al. Genomic characterisation and epidemiology of 2019 novel coronavirus: implications for virus origins and receptor binding. Lancet. (2020) 395:565–74. doi: 10.1016/S0140-6736(20)30251-8

 12. Nakagawa K, Lokugamage KG, Makino S. Viral and Cellular mRNA translation in Coronavirus-Infected Cells. Adv Virus Res. (2016) 96:165–92. doi: 10.1016/bs.aivir.2016.08.001

 13. Heald-Sargent T, Gallagher T. Ready, set, fuse! The coronavirus spike protein and acquisition of fusion competence. Viruses. (2012) 4:557–80. doi: 10.3390/v4040557

 14. Masters PS. The molecular biology of coronaviruses. Adv Virus Res. (2006) 66:193–292. doi: 10.1016/S0065-3527(06)66005-3

 15. China CDC. Tracking the Epidemic. (2020). Available online at: http://weekly.chinacdc.cn/news/TrackingtheEpidemic.htm?from=timeline#Beijing%20Municipality%~20Update (accessed April 18, 2020).

 16. The Novel Coronavirus Pneumonia Emergency Response Epidemiology Team. The epidemiological characteristics of an outbreak of 2019 novel coronavirus diseases (COVID-19) in China. Chinese J Epidemiol. (2020) 41:145–51. doi: 10.3760/cma.j.issn.0254-6450.2020.02.003

 17. World health organization. Coronavirus disease (2019). (COVID-19) Situation Report-35. Available online at: https://www.who.int/docs/default-source/coronaviruse/situation-reports/20200224-sitrep-35-covid-19.pdf?sfvrsn=1ac4218d_2 (accessed April 18, 2020).

 18. Wang FS, Zhang C. What to do next to control the 2019-nCoV epidemic? Lancet. (2020) 395:391–3. doi: 10.1016/S0140-6736(20)30300-7

 19. Leung N, Chu D, Shiu E, Chan KH, McDevitt J, Hau B, et al. Respiratory virus shedding in exhaled breath and efficacy of face masks. Nat Med. (2020). doi: 10.1038/s41591-020-0843-2

 20. Kim Y, Kim SG, Kim SM, Kim EH, Park SJ, Yu KM, et al. Infection and rapid transmission of sars-cov-2 in ferrets. Cell Host Microbe. (2020). doi: 10.1016/j.chom.2020.03.023. [Epub ahead of print].

 21. Leong HN, Chan KP, Khan AS, Oon L, Se-Thoe SY, Bai XL, et al. Virus-specific RNA and antibody from convalescent-phase SARS patients discharged from hospital. Emerg Infect Dis. (2004) 10:1745–50. doi: 10.3201/eid1010.040026

 22. Wang D, Hu B, Hu C, Zhu F, Liu X, Zhang J, et al. Clinical Characteristics of 138 Hospitalized Patients With (2019). Novel Coronavirus-Infected Pneumonia in Wuhan, China. JAMA. (2020) 7:e201585. doi: 10.1001/jama.2020.1585

 23. Chen N, Zhou M, Dong X, Qu J, Gong F, Han Y, et al. Epidemiological and clinical characteristics of 99 cases of 2019 novel coronavirus pneumonia in Wuhan, China: a descriptive study. Lancet. (2020) 395:507–13. doi: 10.1016/S0140-6736(20)30211-7

 24. Guan WJ, Ni ZY, Hu Y, Liang WH, Ou CQ, He JX, et al. Clinical Characteristics of Coronavirus Disease 2019 in China. N Engl J Med. (2020). doi: 10.1056/NEJMoa2002032. [Epub ahead of print].

 25. Huang C, Wang Y, Li X, Ren L, Zhao J, Hu Y, et al. Clinical features of patients infected with 2019 novel coronavirus in Wuhan, China. Lancet. (2020) 395:497–506. doi: 10.1016/S0140-6736(20)30183-5

 26. Hernandez-Vargas E, Velasco-Hernandez Jorge X. In-host modelling of covid-19 kinetics in humans. medRxiv. (2020). doi: 10.1101/2020.03.26.20044487

 27. Zhou Y, Zeng Y, Tong Y, Chen C. Ophthalmologic evidence against the interpersonal transmission of 2019 novel coronavirus through conjunctiva. medRxiv. (2020). doi: 10.1101/2020.02.11.20021956

 28. Zhang X, Chen X, Chen L, Deng C, Zou X, Liu W, et al. The evidence of SARS-CoV-2 infection on ocular surface. Ocular Surf. (2020). doi: 10.1016/j.jtos.2020.03.010. [Epub ahead of print].

 29. Vabret A, Mourez T, Dina J, van der Hoek L, Gouarin S, Petitjean J, et al. Human coronavirus NL63, France. Emerg Infect Dis. (2005) 11:1225–9. doi: 10.3201/eid1108.050110

 30. Van der Hoek L, Pyrc K, Jebbink MF, Vermeulen-Oost W, Berkhout RJM, Wolthers KC, et al. Identification of a new human coronavirus. Nat Med. (2004) 10:368–73. doi: 10.1038/nm1024

 31. Xia J, Tong J, Liu M, Shen Y, Guo D. Evaluation of coronavirus in tears and conjunctival secretions of patients with SARS-CoV-2 infection. J Med Virol. (2020). doi: 10.1002/jmv.25725. [Epub ahead of print].

 32. Loon SC, Teoh SCB, Oon LLE, Se-Thoe SY, Ling AE, Leo YS, et al. The severe acute respiratory syndrome coronavirus in tears. Br J Ophthalmol. (2004) 88:861–3. doi: 10.1136/bjo.2003.035931

 33. Chan WM, Yuen KSC, Fan DSP, Lam DSC, Chan PKS, Sung JJY. Tears and conjunctival scrapings for coronavirus in patients with SARS. Br J Ophthalmol. (2004) 88:968–9. doi: 10.1136/bjo.2003.039461

 34. Dai X. Peking University Hospital Wang Guangfa Disclosed Treatment Status on Weibo and Suspected Infection Without Wearing Goggles. Xinjing Newpaper. (2020). Available online at: http://www.bjnews.com.cn/news/2020/01/23/678189. (accessed January 24, 2020).

 35. World Health Organization. Update 27 - One Month Into the Global SARS Outbreak: Status of the Outbreak and Lessons for the Immediate Future. (2003). Available online at: https://www.who.int/csr/sars/archive/2003_04_11/en/

 36. Bonn D. SARS virus in tears? Lancet Infect Dis. (2004) 4:480–480. doi: 10.1016/S1473-3099(04)01093-X

 37. Tong TR, Lam BH, Ng TK, Lai ST, Tong MK, Chau TN. Conjunctiva-upper respiratory tract irrigation for early diagnosis of severe acute respiratory syndrome. J Clin Microbiol. (2003) 41:5352–2. doi: 10.1128/JCM.41.11.5352.2003

 38. de Wit E, van Doremalen N, Falzarano D, Munster VJ. SARS and MERS: recent insights into emerging coronaviruses. Nat Rev Microbiol. (2016) 14:523–34. doi: 10.1038/nrmicro.2016.81

 39. Orr-Burks N, Gulley SL, Toro H, van Ginkel FW. Immunoglobulin A as an early humoral responder after mucosal avian coronavirus vaccination. Avian Dis. (2014) 58:279–86. doi: 10.1637/10740-120313-Reg.1

 40. Centers for Disease Control and Prevention. Interim Guidelines for Collecting, Handling, and Testing Clinical Specimens from Persons Under Investigation (PUIs) for Coronavirus Disease (2019). (COVID-19). (2020). Available online at: https://www.cdc.gov/coronavirus/2019-ncov/lab/guidelines-clinical-specimens.html (accessed April 18, 2020).

 41. Lang J, Yang N, Deng J, Liu K, Yang P, Zhang G, et al. Inhibition of SARS pseudovirus cell entry by lactoferrin binding to heparan sulfate proteoglycans. PLoS ONE. (2011) 6:e23710. doi: 10.1371/journal.pone.0023710

 42. Hamming I, Timens W, Bulthuis MLC, Lely AT, Navis GJ, van Goor H. Tissue distribution of ACE2 protein, the functional receptor for SARS coronavirus. A first step in understanding SARS pathogenesis. J Pathol. (2004) 203:631–7. doi: 10.1002/path.1570

 43. Liu L, Sun Y, Pan X, Shen W, Liu ZY, Liu YP. Expression of SARS coronavirus S proteinfunctional receptor- angiotensin-converting enzyme 2 in human cornea and conjunctiva. Chin Ophthal Res. (2004) 22:561–4. doi: 10.3760/cma.j.issn.2095-0160.2004.06.001

 44. Sun Y, Liu L, Pan X, Jing M. Mechanism of the action between the SARS- CoV S240 protein and the ACE2 receptor in eyes. Int J Ophthalmol (GUOJI YANKE ZAZHI). (2006) 6:783–786.

 45. Milewska A, Nowak P, Owczarek K, Szczepanski A, Zarebski M, Hoang A, et al. Entry of Human Coronavirus NL63 into the Cell. J Virol. (2018) 92:e01933– 17. doi: 10.1128/JVI.01933-17

 46. Raj VS, Mou H, Smits SL, Dekkers DHW, Müller MA, Dijkman R, et al. Dipeptidyl peptidase 4 is a functional receptor for the emerging human coronavirus- EMC. Nature. (2013) 495:251–4. doi: 10.1038/nature12005

 47. Milewska A, Zarebski M, Nowak P, Stozek K, Potempa J, Pyrc K. Human coronavirus NL63 utilizes heparan sulfate proteoglycans for attachment to target cells. J Virol. (2014) 88:13221–30. doi: 10.1128/JVI.02078-14

 48. The National Health Commission of the People's Republic of China. “Guidelines for the Diagnosis and Treatment of Novel Coronavirus (2019-nCoV) Infection by the National Health Commission (Trial Version 7)”. (2020). Available online at: http://www.nhc.gov.cn/xcs/zhengcwj/202003/46c9294a7dfe4cef80dc7f5912eb1989/files/ce3e6945832a438eaae415350a8ce964.pdf (accessed April 18, 2020).

 49. World Health Organization. World Health Organization Summary of probable SARS cases with onset of illness from 1 November 2002 to 31 July (2003). (2003). Available online at: http://www.who.int/csr/sars/country/table2003_09_23/en/

 50. Zhang MC, Xie HT, Xu KK, Cao Y. Suggestions for disinfection of ophthalmic examination equipment and protection of ophthalmologist against 2019 novel coronavirus infection. Zhonghua Yan Ke Za Zhi. (2020) 56:E001. doi: 10.3760/cma.j.issn.0412-4081.2020.0001

 51. Chan WM, Liu DTL, Chan PKS, Chong KKL, Yuen KSC, Chiu TYH, et al. Precautions in ophthalmic practice in a hospital with a major acute SARS outbreak: an experience from Hong Kong. Eye (Lond). (2006) 20:283–9. doi: 10.1038/sj.eye.6701885

 52. Society of Public Health Ophthalmology, Chinese Preventive Medicine Association, Beijing Ophthalmological Society and Youth Committee of Beijing Ophthalmological Society. Suggestions from ophthalmic experts on eye protection during the novel coronavirus pneumonia epidemic. Zhonghua Yan Ke Za Zhi. (2020) 56:E002. doi: 10.3760/cma.j.issn.0412-4081.2020.0002

 53. Li JPO, Lam DSC, Chen Y, Ting DSW. Novel Coronavirus disease (2019). (COVID-19): The importance of recognising possible early ocular manifestation and using protective eyewear. Br J Ophthalmol. (2020) 104:297–8. doi: 10.1136/bjophthalmol-2020-315994

 54. Lawler JV, Endy TP, Hensley LE, Garrison A, Fritz EA, Lesar M, et al. Cynomolgus macaque as an animal model for severe acute respiratory syndrome. PLoS Med. (2006) 3:e149. doi: 10.1371/journal.pmed.0030149

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 © 2020 Sun, Wang, Liu and Liu. 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.







OPS/images/crossmark.jpg
©

2

i

|





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Role of the Eye in Transmitting Human Coronavirus: What We Know and What We Do Not Know



		Introduction



		Genomics



		Morphology



		Epidemiology



		Clinical Manifestations



		Ophthalmic Manifestations



		Mechanisms of Human CoV Transmission



		Infection Control and Personal Protection



		Conclusion



		Author Contributions



		Funding



		References

















OPS/images/cover.jpg
, frontiers
in Public Health

Role of the Eye in Transmitting
Human Coronavirus: What We
Know and What We Do Not Know





OPS/images/logo.jpg
’ frontiers
in Public Health





