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Abstract
Since the initial outbreak of coronavirus disease 2019 (COVID-19), extensive research has emerged from across the globe 
to understand the pathophysiology of this novel coronavirus. Transmission of this virus is a subject of particular interest as 
researchers work to understand which protective and preventative measures are most effective. Despite the well understood 
model of aerosol-respiratory mediated transmission, the exact mechanism underlying the inoculation, infection and spread 
of COVID-19 is currently unknown. Given anatomical positioning and near constant exposure to aerosolized pathogens, the 
eye may be a possible gateway for COVID-19 infection. This critical review explores the possibility of an ocular-systemic 
or ocular–nasal–pulmonic pathway of COVID-19 infection and includes novel insights into the possible immunological 
mechanisms leading to cytokine surge.
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Introduction

During late 2019, a novel coronavirus was identified as the 
cause of an outbreak of pneumonia cases in Wuhan, China. 
The virus rapidly spread throughout China and ultimately 
the entire world in early 2020. In February 2020, the World 
Health Organization (WHO) designated the disease coro-
navirus disease 19 or COVID-19. Severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2) is the name for the 
actual virus responsible for the COVID-19 disease. Previ-
ously, it was referred to as 2019-nCoV. On January 30th, 
2020, the WHO declared COVID-19 a public health emer-
gency of international concern (PHEIC) [1]. As of Novem-
ber 2021, the Center for Disease Control and Prevention 
(CDC) has reported 48,160,971 total cases and 776,703 total 
deaths in the United States due to COVID-19. This recent 
outbreak and the ensuing political, economic, and biopsy-
chosocial implications emphasize the need to understand 
transmissibility so that appropriate protective and preven-
tive measures may be implemented in communities and 

healthcare settings worldwide. Research regarding COVID-
19 is rapidly evolving and several hypotheses regarding vari-
ous mechanisms of transmissibility have been put forward. 
While most of the current literature focuses on respiratory 
transmission of aerosolized virus, this article focuses specifi-
cally on existing research that pertains to the transmissibility 
of COVID-19 through the human eye, especially through the 
conjunctiva, cornea, sclera, and nasolacrimal ducts.

Coronaviruses were first identified in the late 1960’s and 
have been traditionally associated with the common cold and 
other respiratory tract infections. Coronaviruses are single-
stranded, positive-sense, enveloped and the largest known 
RNA viruses with a genome of approximately 30 kilobases 
[2]. They belong to the subfamily of Coronavirinae in the 
family Coronaviridae of the order Nidovirales with four 
known genera namely α-, β-, γ- and δ-coronavirus [3–5]. 
Coronaviruses from all four genera exhibit zoonotic origin 
and transmit freely between human and animal hosts. The 
origin of α and β genera have been traced to bat species, 
while the γ and δ genera are mainly derived from avian and 
swine species [6]. SARS‐CoV‐2, like severe acute respira-
tory syndrome (SARS-CoV) and Middle East Respiratory 
Syndrome (MERS-CoV), is predominantly spread via the 
respiratory tract through droplet transmission [7]. Droplet 
transmission refers to the direct projection of large drop-
lets onto mucous membranes of a susceptible host when 
an infected patient releases droplets as they sneeze, talk, or 
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cough [8]. SARS-CoV-2 and SARS-CoV-1 belong to the 
β-coronavirus genus. Coronaviruses are so named due to 
the characteristic crown of electron density that is evident 
on transmission electron micrographs. This crown appear-
ance is due to densely packed proteins on the viral envelope, 
called spike proteins (SP), which are responsible for priming 
angiotensin-converting enzyme 2 (ACE2) receptors on host 
cell membranes [9].

Potential modes of transmission

As the cases of COVID-19 increase worldwide, it is becom-
ing evident that presentation and severity of disease var-
ies widely among patients. On average, an infected per-
son remains asymptomatic for a period of 5 days which 
is referred to as a latent phase. Usually, manifestation of 
symptoms begins within 11.5 days. Up to 18–33% of viral 
carriers remain asymptomatic throughout the course of the 
disease; however, these patients are most likely to contribute 
to rampant silent disease transmission [10]. Asymptomatic 
carriers are most likely to be “super-spreaders”, which is 
a term used by a recent study from India [11]. A seminal 
study, conducted by Princeton, Johns Hopkins University, 
and the University of California, Berkeley found that 71% 
of COVID-19 positive individuals failed to transmit dis-
ease to any direct contacts, while 8% of infected individuals 
accounted for 60% of new infections.

COVID-19 infection classically presents as symptoms 
of fever, cough, dyspnea, shortness of breath, myalgia, and 
fatigue [12]. Rhinorrhea, gastrointestinal symptoms, anos-
mia, and ageusia are other symptoms that have been reported 
with varying frequency. While most COVID-19 patients 
develop mild-to-moderate symptoms, 10–20% of patients 
require hospitalization of which 10–40% require intensive 
care unit (ICU) support [13]. Ultimately, up to 0.3–8% of 
infected individuals succumb to the disease, usually second-
ary to acute respiratory distress.

Respiratory droplets carry live viruses encapsulated in 
packets of mucus, saliva, and water. The size of the pack-
ets greatly dictates the fate of the virus in the environment. 
Larger globules tend to travel shorter distances and quickly 
settle [14, 15]. On the other hand, smaller globules evapo-
rate faster in the form of aerosols and linger in the air. This 
allows these particles to drift larger distances from the ini-
tial site of release. Variation in temperature, humidity and 
airflow greatly impact the distance travelled by aerosolized 
SARS-CoV-2; however, the three-hour viability of SARS-
CoV-2 in the air poses the greatest threat to any close con-
tact with infected individuals [8, 16, 17]. Additional stud-
ies indicate that human coronaviruses survive and maintain 
their infectious properties for extended periods of time on 
inanimate surfaces or fomites. Kampf et al. revealed that 

coronaviruses persist on inanimate surfaces such as metal, 
glass, or plastic for up to 9 days; however, can be inactivated 
by surface disinfection procedures within 1 min [18].

Researchers at two independent laboratories have isolated 
live SARS‐CoV‐2 from the stool specimens of COVID-
19 patients [19]. This phenomenon is possibly explained 
by the high expression of ACE2 receptors in the epithelia 
of the small intestine [20, 21]. Therefore, the method of 
fecal‐oral or fecal‐droplet transmission cannot be ignored 
and warrants further research. Regarding vertical trans-
mission, retrospective findings suggest that there is cur-
rently no evidence for intrauterine infection in women who 
develop COVID-19 in third trimester pregnancy. In addi-
tion, breast milk from six patients of the same study tested 
negative for SARS-CoV-2 indicating minimal possibilities 
of transmission through breast feeding [22]. However, in 
a separate study, from Wuhan, China, two newborns were 
confirmed to have COVID-19 shortly after delivery suggest-
ing that transmission is possible from mothers to infants. 
In these cases, whether transmission occurred during preg-
nancy, or immediately after delivery, remains unknown [7]. 
COVID-19 offers a greater risk to patients with preexisting 
chronic clinical conditions that cause immunosuppression 
or inflammatory response. Pathological events that render 
patients more likely to suffer complications from SARS-
CoV-2 include obesity, atherosclerosis, diabetes, asthma, 
and hypertension. These complications are susceptible to all 
organ systems, including the eye. However, no information 
is available whether these comorbidities increase the ocular 
transmissibility of SARS-CoV-2 [23].

A seminal study evaluated the impact of age, sex, and eth-
nicity on immune responses to various pathogens. Generally, 
immune responses very between genders, change throughout 
life and are influenced by age and reproductive status. These 
differences render men and women susceptible to different 
autoimmune diseases, malignancies, and infectious diseases 
such as COVID-19. Overall, females seem to have height-
ened immunity to pathogens, contributing to lower intensity 
and prevalence of infections; however, with increase in the 
symptomatology and severity among females compared to 
males [24].

The current literature suggests that males have a higher 
risk of complications and mortality related to COVID-19. 
It is postulated that elevated estrogen levels in females 
reduce the severity and mortality of COVID-19 through 
an increased innate and humoral response. From an ethnic 
standpoint, African American and Hispanic populations 
have shown increased rates of infection and hospitaliza-
tion compared to other ethnic groups. These differences 
are likely attributed to a higher prevalence of comorbidi-
ties and decreased access to care [25]. Overall, the vast and 
various modes of possible COVID-19 transmission remain 
unknown.
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Primary target organs and major symptoms

While COVID-19 is a systemic disease, the most obvious 
and perhaps the most severe effects of SARS-CoV-2 occur 
in the respiratory system. Due to variability of presen-
tations and severity of disease, lung complications from 
SARS-CoV-2 range from mild pneumonia (81%) to severe 
hypoxia (14%), shock and multi-organ failure (5%) and 
death (2.3%) [26]. The ACE2 receptor is found through-
out the body which allows the virus to affect a multitude 
of organs and systems (Table 1). The ACE2 receptor is 
predominantly expressed on the apical side of type II 
pneumocytes in the alveoli. This provides an abundance 
of binding sites for SARS-CoV-2 and suggests why the 
lungs are particularly vulnerable to infection [27, 28]. 
Research on SARS-CoV-2 revealed that the virus promotes 
endothelial dysfunction, vascular leak, and pulmonary 
microthrombi through mechanisms such as inflammation, 
hypoxia, oxidative stress, mitochondrial dysfunction, and 
DNA damage [29–32].

Unfortunately, findings on the long-term implications 
of COVID-19 on the lungs is scarce. Given the inflam-
matory effects of the disease, the most likely long-term 
complications include alveolar damage, fibrosis, edema, 
hemorrhage, pneumocyte hyperplasia and hyaline scar 
tissue formation. Another organ system with an abun-
dance of ACE2 is the heart and vascular system. In acute 
infection, the virus causes direct damage to cardiac tis-
sue as evidenced by isolated cases of COVID-19-induced 
myocarditis [33–36]. In addition, SARS-CoV-2 interferes 
with the normal physiology of the ACE2 receptor, which 
normally functions to catalyze the conversion of angioten-
sin II to angiotensin 1–7 and to protect the cardiovascular 
system with antioxidant and anti-inflammatory proper-
ties [37–39]. In addition, COVID-19 patients commonly 
present with gastrointestinal complaints such as diarrhea, 
cramping abdominal pain, loss of appetite, vomiting and 

nausea. Regarding hepatic complications, while direct 
cases of acute liver failure secondary to SARS-CoV-2 have 
not been reported, it is difficult to differentiate the inde-
pendent hepatic effects of the virus from complications 
of antiviral drug therapies and disease sequelae such as 
sepsis and hypoxia [40]. As previously stated, the presence 
of SARS-CoV-2 in stool of affected patients suggests the 
possibility of fecal–oral transmission.

Recent data suggests that SARS-CoV-2 affects the vas-
cular and hematologic systems. Infected individuals are 
believed to be susceptible to hypercoagulability and have 
an increased risk for thrombotic events. One study showed 
approximately 33% of COVID-19 patients later developed 
pulmonary embolisms (PE) as evidenced on CT scans [41]. 
Another similar study by Klok et al. showed that nearly 30% 
of COVID-19 patients admitted to the ICU suffered from PE, 
deep vein thrombosis (DVT) and strokes despite aggressive 
anticoagulative therapy [42]. It has been hypothesized that 
COVID-19 predisposes patients to both venous and arte-
rial thromboembolic disease due to systemic inflammation, 
hypoxia, immobilization, and diffuse intravascular coagula-
tion (DIC). For this reason, it has become standard of care to 
begin prompt prophylactic anticoagulation with low molecu-
lar weight heparin in these patients [43]. Some studies have 
suggested using D-dimer levels as a metric for COVID-19 
disease progression and mortality [12].

Anosmia and ageusia are two symptoms that have recently 
been associated with COVID-19 infection. Although the 
mechanism linking COVID-19 infection and these loss of 
sensations remains to be illuminated, the American Acad-
emy of Otolaryngology—Head and Neck Surgery and the 
British Association of Otorhinolaryngology have suggested 
to consider these as significant symptoms for screening in 
otherwise asymptomatic carriers of disease. In particular, 
the sudden onset of olfactory dysfunction could represent 
an early indicator of COVID-19 infection [44]. Other neu-
rological complications of SARS-CoV-2 coincide with 
the hypercoagulable state of the disease. Even in younger 

Table 1  Effect of COVID-19 on primary target organs

System Symptoms/Presentation Sequelae

Pulmonary Cough, apnea, hypoxia, pneumonia Alveolar damage, fibrosis, edema, hemorrhage, 
pneumocyte hyperplasia and hyaline scar tissue 
formation

Cardiovascular Palpitations, chest tightness Myocarditis, elevated blood pressure
Gastrointestinal/Hepatobiliary Abdominal pain, loss of appetite, diarrhea, vomiting Transaminitis, bowel ischemia
Vascular and Hematologic Muscle/body aches, DVT, headache Thrombotic events secondary to hypercoagulable state
Neurologic Dizziness, impaired consciousness, ageusia, anosmia, 

neuropathy, seizure
Stroke

Renal Proteinuria Sepsis related kidney injury
Ocular Conjunctivitis, dry eye, blurred vision, foreign body 

sensation
None
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patients with COVID-19 who were treated with prophylactic 
anticoagulants, there have been cases of strokes leading to 
profound neurological injury [45]. Based on data from a ret-
rospective study, some of the neurological symptoms associ-
ated with COVID-19 include dizziness (16.8%), headache 
(13.1%), impaired consciousness (7.5%), ageusia (5.6%) 
anosmia (5.1%), acute cerebrovascular disease (2.8%), neu-
ropathy (2.7%), vision impairment (1.4%), ataxia (0.5%), 
and seizure (0.5%) [46].

The most frequent renal abnormality in patients with 
COVID-19 is mild-to-moderate proteinuria, which is 
explained by the cytokine storm phase of the disease that 
results in kidney injury comparable in presentation to sepsis 
related acute kidney injuries (AKI) [47]. Further research is 
warranted to delineate the precise impact of COVID-19 on 
kidney function. However, based on preliminary data in hos-
pitalized patients with COVID-19, it is possible to conclude 
that kidney disease on admission and kidney injury during 
hospitalization is associated with increased mortality and 
progression of disease. Also, the early detection and man-
agement of renal sequelae could reduce the chance of death 
in COVID-19 patients [47].

Possible transmission through the eye

The eyes could be directly impacted by the SARS-CoV-2 
virus and serve as a gateway to the rest of the body. A recent 
study examined 216 children with confirmed COVID-19 
status and concluded that 49 (22.7%) had ocular manifesta-
tions. The most common of these symptoms include con-
junctival discharge, itchiness, and conjunctival congestion. 
Ultimately, these ocular symptoms were not severe, and all 
children eventually recovered with no lasting visual or ocular 
complications [48]. Another cross-sectional study consid-
ered the ocular and visual sequelae of 534 adult COVID-
19 cases revealing that 25 patients (4.68%) presented 
with conjunctival congestion with an average duration of 
4.9 ± 2.6 days. Other ocular symptoms related to COVID-19 
status include dry eyes (112, 20.97%), blurred vision (68, 
12.73%), and foreign body sensation (63, 11.80%). Impor-
tantly, these ocular symptoms proved to be self-limiting and 
short-lived [49]. Another study revealed that around one-
third of patients with COVID-19 had ocular abnormalities 
and tended to have more susceptibility to COVID-19. Of 
note, it was found that only 1 of the 38 patients in this ret-
rospective study presented with conjunctivitis as the first 
symptom suggesting limited diagnostic or screening value 
in this finding [50].

A case report by Cheema et  al. details the case of a 
healthy 29-year-old woman who presented with right eye 
conjunctivitis, photophobia, and clear watery discharge. 
Though her presenting symptom was keratoconjunctivitis 

and mild respiratory symptoms without fever, she was, how-
ever, tested positive for COVID-19. Considering such cases, 
eye care professionals recommend a high index of suspicion 
of SARS-CoV-2 when evaluating patients with viral con-
junctivitis. Also, other reports suggest conjunctivitis as an 
early presentation of COVID-19 [51]. Taken together, it is 
reasonable to conclude that SARS-CoV-2 does indeed affect 
the eye. Most often, these infections result in conjunctivi-
tis, some blurred vision, dry eyes, or foreign body sensa-
tion. Ultimately, most ocular manifestations seem relatively 
short lived and have not proven to cause long term effects 
and have minimal diagnostic value. Nevertheless, eye care 
professionals need to remain vigilant for COVID-19 when 
evaluating patients with viral conjunctivitis, especially in 
high-risk patients with prior exposure.

On average, the total ocular surface area of an adult 
human ranges between 1600 and 1869  mm2 per eye [52]. 
This estimate, which includes the cornea, conjunctiva and 
fornices, represents a maximal absorptive area of 3738  mm2 
when accounting for both eyes. After incorporating the sur-
face area of the eyelids and brows, roughly 4000  mm2 and 
3000  mm2 respectively, the total ocular surface area sur-
passes 10,000  mm2. This is two orders of magnitude greater 
than the nares and mouth without considering the surface 
area attributed to the hair of the eyebrows or eyelashes, for 
which estimates have not been made [53]. As this large area 
frequently contacts respiratory droplets, contaminated fin-
gers and fomites, it is important to consider possible trans-
mission of SARS-CoV-2 through the eye.

There are two existing hypotheses for COVID-19 trans-
mission through the eye (Fig. 1). The first considers the con-
junctiva as a direct inoculation site of infected droplets. The 
second centers around the nasolacrimal system as a conduit 
for viral migration to the gastrointestinal and respiratory 
tracts [1]. The conjunctiva regularly encounters pathogens 
and, following the contact, the eye serves as both a nidus 
of replication and a site for systemic uptake. Before drain-
ing into the nasolacrimal system, a small volume of tears is 
absorbed by the conjunctiva, cornea, or sclera which would 
allow viral particles to enter the globe or circulatory system. 
However, most tears are drained into the inferior meatus of 
the nose to be eventually swallowed into the gastrointestinal 
tract or drained into the respiratory tract [54].

Interestingly, ACE2 receptors and transmembrane pro-
tease serine 2 (TMPRSS2) proteins have been found on 
stem cells of the corneal limbus [55]. The presence of 
these proteins suggests that SARS-CoV-2 can enter the 
cells of the ocular surface [56]. While this mechanism has 
not been observed in humans, it has been shown in some 
animal models that beta-coronaviruses caused supraocular 
and intraocular infections such as conjunctivitis, uveitis, 
retinitis, and optic neuritis, which suggests possible pen-
etration of the ocular globe [1, 57]. Other viruses, such 
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as cytomegalovirus, have been shown to cause full-blown 
retinopathy, however, no cases of retinopathy to-date have 
been specifically linked to SARS-CoV-2 infection. While the 
evidence for ACE2 receptors and TMPRSS2 proteins on the 
ocular surface seems conclusive, there remains some debate 
on whether the tear film of infected COVID-19 patients con-
tains viral particles. One cross-sectional study showed that 
SARS-CoV-2 RNA was detected in tears of 24% of patients 
with laboratory-proven moderate to severe COVID-19. The 
method used to evaluate the tears was conjunctival swab 
and reverse transcription polymerase chain reaction (RT-
PCR) [58]. In contrast, another study reported that, of the 29 
COVID-19 patients studied, ocular symptoms were common 
in patients with COVID-19. However, tear analysis revealed 
the absence of SARS-CoV-2 [59]. Interestingly, both stud-
ies used similar methods of tear analysis, namely Schirmer 
paper strips to obtain tear samples and RT-PCR to assess 
for viral RNA.

A prospective study followed the disease course of sev-
enteen COVID-19 patients. Of the 17 patients recruited, all 
tested positive for COVID-19 and none demonstrated ocular 
symptoms except for one patient who developed conjuncti-
val injection and chemosis during hospitalization. A total 

of 64 samples were obtained using the traditional Schirmer 
method over the study period, with 12, 28, and 24 samples 
obtained from the first, second, and third week of initial 
symptoms, respectively. All samples showed negative results 
for SARS-CoV-2 on RT-PCR. Furthermore, this study found 
no evidence of SARS-CoV-2 shedding in tears during the 
disease and the patients from this study had no active ocular 
symptoms.

Overall, further research is warranted to confirm whether 
SARS-CoV-2 RNA or the virus itself can be confidently 
isolated and cultured from ocular secretions. Preliminary 
data suggest that it is unusual to find SARS-CoV-2 in the 
tear film of most COVID-19 patients warranting specific 
and sensitive instrumentation for designing appropriate diag-
nostic tools. However, exceptions may include patients with 
active conjunctivitis or a particularly high viral load [57]. 
Additionally, the presence of antimicrobial peptides such 
as immunoglobulins, lysozyme, and lactoferrin, as well as 
normal components of bacterial flora that neutralize viral 
particles decrease the viral load. Moreover, the mucin layer 
in normal tears prevents binding of the virus to epithelial 
receptors which promotes swift clearance through nasolac-
rimal drainage [54].

Fig. 1  Proposed mechanisms of ocular COVID-19 transmission. The 
conjunctiva may serve as a direct inoculation site of infected droplets. 
Given a sufficiently high viral load, some virus may be able to evade 
the antimicrobial agents of the tear film and directly gain access to 
conjunctival and corneal cells before eventually entering general cir-
culation. TMPRSS2 proteins found on the surface of ocular cells acti-
vate the virus spike protein through proteolytic cleavage. Once acti-

vated, the spike protein can bind to ACE2 receptor and enter a host 
cell. Other hypotheses focus on nasolacrimal transmission of SARS-
CoV-2 from the eye to the lungs in humans. Virus may do this by 
spanning the length of the nasolacrimal duct through repeated rein-
fection and replication of neighboring cells. Alternatively, the virus 
may travel in a replication-independent manner via ciliary movement 
by the cells which line the nasolacrimal duct
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The nasolacrimal system is designed to drain excess ocu-
lar fluid from the eye surface, providing an anatomical bridge 
from the eye to the nasopharynx. The epithelial cells, which 
line the nasolacrimal duct, possess microvilli that permit 
both secretion and reabsorption of tear fluid [60]. To date, 
no study has directly linked a COVID-19 case specifically to 
nasolacrimal transmission of SARS-CoV-2 from the eye to 
the lungs in humans. However, research has shown that other 
viruses, such as respiratory syncytial virus (RSV), are able 
to infect the eye and subsequently the lungs through nasol-
acrimal transmission. There are two proposed mechanisms. 
In the first, the virus travels the span of the nasolacrimal duct 
through repeated reinfection and replication of neighboring 
cells by diffusion or syncytial contact. This is the slower of 
the two proposed methods as infection is dependent on viral 
replication time. In the second proposed mechanism, the 
virus travels in a replication-independent manner, perhaps 
transported by the ciliary cells which line the nasolacrimal 
duct [61]. The second mechanism is the most plausible since 
most respiratory viruses, after infecting the eyes, travel rap-
idly and normally impact the lungs within 1 day. Given the 
7–8-h replication cycle of SARS-CoV-2, it is unlikely to 
infect all the mucosal cells en route to the lungs. However, 
viral replication likely occurs to some extent to amplify the 
viral load in the eyes and respiratory tract [61]. Further con-
firmatory studies are required to validate these mechanisms 
regarding COVID-19 infection.

ACE2 receptors in the eye

Currently it is established that the ACE2 receptor and 
TMPRSS2 protease are two important factors for the viral 
entry of SARS-CoV-2 in humans. SARS-CoV-2 initially 
uses heparan sulfate proteoglycans as anchors before bind-
ing to ACE2 and TMPRSS2. TMPRSS2 primes the spike 
protein on SARS-CoV-2 for interaction with ACE2, which 
facilitates infection of cells [62]. ACE2 receptors were pre-
viously studied and found in human retina and choroid tis-
sues [63]. While current research regarding the expression 
of these two receptors have been studied extensively in the 
respiratory tract and other organs, research is lacking per-
taining to the ocular surfaces as potential infection sites. 
Since the eye is a mucosal surface that constantly interacts 
with the external environment, it is an important site for pos-
sible infection and transmission of SARS-CoV-2. It is criti-
cal to study where, and to what extent, ACE2 and TMPRSS2 
is found in the eye to properly determine the likelihood of 
ocular transmissibility of SARS-CoV-2 infection.

Earlier reports evaluating the presence of ACE2 and 
TMPRSS2 in ocular structures resulted in contradictory 
findings. Sungnak et al. used single-cell RNA sequencing 
(scRNA-seq) datasets from healthy donors to assess the 

abundance of ACE2 and TMPRSS2 in different tissues. 
Their results suggested low expression of both ACE2 and 
TMPRSS2 in ocular structures including the conjunctiva 
and cornea [55]. Similarly, microarray and RNA-sequence 
expressions revealed that ACE2 was downregulated in con-
junctival tissue and corneal tissue [64]. The expression of 
TMPRSS2 was expressed only in conjunctiva with hetero-
geneous expressions throughout the tissue.

Lange et al. studied 38 conjunctival samples that included 
both healthy and diseased tissues with abnormalities such as 
melanoma, squamous cell carcinoma and papilloma [65]. 
Through high-throughput RNA sequencing, they found an 
insignificant level of ACE2 and TMPRSS2 expression in 
the conjunctiva. Subsequent immunohistochemical staining 
of healthy conjunctival samples confirmed there was negli-
gible ACE2 and TMPRSS2 expression. Zhang et al. stated 
that there was significant upregulation of both ACE2 and 
TMPRSS2 in the conjunctiva epithelial with some, albeit 
less, expression on corneal epithelial cells [65]. Lange et al. 
attributed this difference to the types of polyclonal antibod-
ies used which allegedly had much less specific binding. In 
response to Lange et al., Grajewski et al. used the same anti-
ACE2 antibody, under slightly modified conditions, (i.e., 
used basic antigen retrieval buffer, different dilutions, and 
different incubation periods of primary antibodies) to show 
that ACE2 expression in healthy donor conjunctiva was 
obtainable by immunohistochemical staining [66]. Similar 
to the findings by Zhang et al., Grajewski et al. found the 
expression of ACE2 proteins to be significant in the con-
junctival epithelial cells and minimal expression of ACE2 in 
conjunctival stroma; however, there was immunopositivity 
in epithelium.

A study by Li et al. used RT-qPCR, and immune assays to 
assess the expression of ACE2 in surgical waste conjunctival 
tissue biopsies [67]. The study revealed significant differ-
ences in levels of ACE2 in normal conjunctival compared 
to diseased tissue. In general, there was overexpression of 
ACE2 in conjunctival tissue with nevi, cysts, papillomas, 
polyps, and conjunctivitis. ACE2 expression among the 
diseased conjunctival tissues were not significantly differ-
ent. Contrastingly, Ma et al. reported consistent expression 
of ACE2 and TMPRSS2 in the conjunctival and pterygium 
cells [68]. Due to significantly higher corneal expression 
of TMPRSS2 and ACE2, it is reasonable to conclude that 
cornea, rather than conjunctiva, is the most likely infection 
site for SARS-CoV-2. However, in conditions of disease or 
inflammation, the conjunctiva may also be a potential route 
for SARS-CoV-2 entry.

Collins et al. reported scRNA-seq data of human adult 
cornea and conjunctiva tissues revealing that ACE2 was 
expressed mainly in the limbal and conjunctival superficial 
epithelium [69]. Specifically, ACE2 was highly expressed 
in limbal, peripheral corneal epithelium, superficial 



855Molecular and Cellular Biochemistry (2022) 477:849–864 

1 3

conjunctival epithelium, and superficial central corneal epi-
thelium. Also, TMPRSS2 was expressed in fewer cells, pre-
dominantly in basal and superficial conjunctival epithelium. 
These findings were confirmed by the highest co-expression 
of ACE2 and TMPRSS2 found in basal conjunctival epithe-
lial cells, with lower levels at limbal and peripheral corneal 
epithelium, superficial conjunctiva, and superficial corneal 
epithelium. Collins et al. studied the expression of ACE2 
and TMPRSS2 in fetal and embryonic tissue, regarding the 
role of inflammatory signaling pathway with infection of 
SARS-CoV-2. Through analysis of overlapping genes asso-
ciated with ACE2 and TMPRSS2, the possible transcrip-
tional pathway is activated by pro-inflammatory signals 
and inhibited in a feedback loop regulating the immune 
response on the ocular surface have been elucidated. This 
suggests that SARS-CoV-2 exploits inflammatory drive 
for the upregulation of ACE2 and TMPRSS2, promoting 
infection through the ocular surfaces. scRNA-sequence and 
bulk RNA-sequence analysis on conjunctival tissue revealed 
that developing human fetuses do not express SARS-CoV-2 
entry genes. However, it is yet unclear if the two genes are 
expressed in conjunctival or corneal epithelium in children.

Zhou et al. examined corneal epithelial samples from 
healthy myopic patients who underwent photorefractive 
keratectomy, post-mortem human globes from non-diabetic 
patients without ocular disease, and from diabetic indi-
viduals with diabetic retinopathy [70]. Overall, ACE2 and 
TMPRSS2 expressions has been shown to be distributed 
throughout the ocular structures suggesting the possible 
route of entry and infection by COVID-19.

Interplay of cytokines in eye inflammation

Due to its similarity to SARS-CoV and MERS-CoV, 
researchers investigated previously implicated cytokines as a 
starting point for SARS-CoV-2 related cytokine interactions 
(Table 2). In SARS-CoV and MERS-CoV infected patients 
with extensive pulmonary involvement and inflammation, 
increased levels of IL-1β, IL-6, IL-12, and CXCL10 and 
CCL2 were reported [71–74]. Similarly, early reports regard-
ing COVID-19 infected patients, who required intensive care 
or intubation, displayed higher levels of these cytokines 
than cases with less severe clinical course or non-ICU 
patients [12, 75–77]. These increased levels of cytokines 
and chemokines has been related to Th1 activation and 
subsequent cytokine storm. However, in comparison with 
previous SAR-CoV infections, SARS-CoV-2 showed high 
levels of IL-4 and IL-10, suggesting Th2 activation related to 
attempts to suppress the hyperactive inflammatory responses 
in cytokine storm [75, 77]. Ultimately in both cases, there 
are overwhelming levels of proinflammatory cytokines and 
chemokines that cause a sustained inflammatory response 

resulting in the most severe sequelae including ARDS, 
multi-organ failure, and death [75, 77].

In SARS-CoV-2 related infections, it is believed that 
dysfunctional immune effector cells, excessive immune 
infiltration, excessive immune effector cell activation, 
excessive cytokine release, and activation of IL-6 signaling 
pathway are the main cause of tissue damage, especially 
those related to ARDS [71, 72, 76, 78, 79]. Some of the 
implicated cytokines include interferons (IFN-γ), tumor 
necrosing factor (TNF-α), granulocyte colony stimulating 
factors (G-CSF), and interleukins (IL-1β, IL-2, IL-4, IL-6, 
IL-7, IL-10, IL-12, IL-13, IL-17) [75, 77]. Increased proin-
flammatory cytokines and chemokines subsequently attract 
more neutrophils, monocytes, macrophages, and T-cells that 
further amplify the cytokine release causing a storm of pro-
inflammatory cytokines [75, 79]. While the exact cells and 
mechanisms that initiates the cytokine storm in COVID-19 
are currently unclear, it is reasonable that cells that cause 
cytokine release such as dendritic cells, macrophages, and 
endothelial cells are the primary suspects [77]. In SARS-
CoV-2 associated infection of the eye, the exact underlying 
mechanism of cytokine storm is currently unknown; how-
ever, similar mechanism of cytokine related damage in the 
lungs from ARDS could be possible in the eye, which war-
rants further investigation [78].

Cytokine storm (Fig. 2) largely contributes to SARS-
CoV-2 mortality and the neutralization of certain cytokines 
in the cytokine storm may ultimately improve patient out-
comes [75]. For instance, IL-1α and IL-1β are elevated in 
severe COVID-19 infections [75, 77]. It is believed that IL-1 
levels are related to virulence and significantly elevated 
serum levels are observed in severe SARS-CoV-2 infection, 
similar to previously studied SARS-CoV and MERS-CoV 
[75]. Since keratocytes and corneal epithelial cells express 
IL-1α, the cornea could potentially be an important site for 
complications and contribution to cytokine storm in severe 
COVID-19 patients [80].

Elevated IL-6 has been reported extensively in early 
cases of SARS-CoV and SARS-CoV-2 and is associated 
with poor patient prognosis [75]. Since IL-6 is induced 
by IL-1β, higher serum levels of these two cytokines are 
directly correlated with SARS-CoV-2 morbidity and mor-
tality [75]. Recent reports suggest that elevated IL-6 levels 
accelerate the inflammatory process and in turn contrib-
utes to the cytokine storm, which worsen the prognosis of 
COVID-19 infections. Hence, IL-6 has been suggested to be 
an important target cytokine for cytokine storm. However, 
the results regarding the inhibition of IL-6 and improvement 
from COVID19 infections are yet to be unveiled [71, 75, 77].

Several other interleukins including IL-2, IL-4, IL-7, 
IL-12, IL13, and IL-17 are involved in inflammatory reac-
tions through proliferation and differentiation of effector 
immune cells (Table 2) [71, 75–77]. IL-2 is intimately 
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Table 2  The role of major cytokines in inflammation

Cytokine Source of secretion Type Function

IL-1 • Macrophages
• Monocytes
• Epithelial cells
• Keratocytes

Proinflammatory • Activates myeloid response through macrophages and 
Th17

• Activation of IL-1β to further increase proinflammatory 
cytokines

IL-2 • T-cells and subtypes Proinflammatory • Effector T-cell and Treg proliferation and differentiation
IL-4 • T-helper (Th) cells Proinflammatory and anti-inflammatory • B-lymphocyte activation and differentiation

• Production of IgE isotype
• Decreases CD8 + Memory T-cells

IL-6 • Macrophages
• T-cells
• Endothelial cells
• APC
• Neutrophils

Proinflammatory and anti-inflammatory • Induces acute-phase protein expression and release
• Increases antibody production
• Regenerative and anti-inflammatory via conventional 

signaling
• Proinflammatory response via trans-signaling

IL-7 • Thymic stromal cells
• Bone marrow stromal cells
• Dendritic cells

Proinflammatory • T-cell development with all CD4 + T-cell subgroups 
requiring this cytokine for peripheral homeostasis

• Activates T-cell and increases proinflammatory cytokines
• Decreases Transforming growth factor Beta (TGF-B)

IL-10 • Regulatory T-cells (Treg)
• Th9 cells

Anti-inflammatory • Inhibits Th1 cells
• Inhibits proinflammatory cytokine release
• Blocks dendritic cell maturation
• Decreases MHC complex expression

IL-12 • Dendritic cells
• Macrophages
• Monocytes
• B-cells

Proinflammatory • Activates Th1 and Th17 cells
• Induces IFN-γ production in T-cells and NK cells
• NK cell chemotaxis

IL-17 • Th17 cells
• NK cells
• ILC3

Proinflammatory • Works with IL-22 and TNF-α to induce antimicrobial 
peptide production

• Neutrophilic chemotaxis and activation
IL-18 • Monocytes

• Macrophages
• Dendritic cells

Proinflammatory • Activates Th1 pathway
• Enhanced CD8 + T-cell and NK cell cytotoxicity through 

FasL upregulation
• Induces IFN-γ production
• Synergistically works with IL-12
• Proinflammatory alarmin cytokine

IFN-γ • Th1 cells
• ILC1
• NK cells
• Cytotoxic T-cell

Proinflammatory • Activates macrophages and upregulates antigen presenta-
tion

• Proinflammatory cytokine that induces anti-viral peptide 
production and expression

TNF-α • Macrophages
• T-cells
• NK cells
• Mast cells

Proinflammatory • Increases vascular permeability for immune cell chemo-
taxis

• Works synergistically with IL-1β and IL-6 for proinflam-
matory responses

• NK cell differentiation
M-CSF • Monocytes

• Fibroblasts
• Endothelial cells

Proinflammatory • Proliferation of hematopoietic cells into myeloid cells
• Synergistically works with IL-1 and IL-3 for myeloid 

differentiation
G-CSF • Macrophages

• Endothelial cells
Proinflammatory • Proliferation and activation of polymorphonuclear granu-

locyte cells (PMNS)
• PMN chemotaxis and phagocytosis upregulation

GM-CSF • Th17 cells
• Fibroblasts
• Hematopoietic cells
• Endothelial cells
• Epithelial cells

Proinflammatory • Proliferation and activation of macrophages, eosinophils, 
neutrophils, monocytes, and dendritic cells

• Increases production of proinflammatory cytokine
• Upregulates antigen presentation and phagocytosis
• Promotes chemotaxis and leukocyte adhesion for 

increased immune response
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involved in the proliferation and differentiation of T-cells 
into effector and memory T-cells and the activation of 
B-cells and NK cells. IL-2 is involved in prevention of 
autoimmune diseases while maintaining a sufficient immune 
response to virally infected cells [75]. IL-7 is involved in 
differentiation of CD4 + T-cell sub-population increasing 
the inflammatory cytokine production [75]. IL-4 is secreted 
by activated T-helper cells and involves B-cell activation 
and differentiation, and the production of IgE. Also, IL-4 is 
necessary for Th2 differentiation and is heavily involved in 
anti-parasitic and allergic reactions [75]. Similarly, IL-13 
is important regulator to the Th1 immune response that 
is heavily involved in allergic and anti-parasitic reactions. 
IL-13, functions to activate mast cells and is involved in 
mobilization of eosinophils [75].

IL-12 is key for differentiation of Th1 and Th17 cells and 
chemotaxis of NK cells. In addition, IL-12 induces IFN-γ 
production through a positive feedback mechanism, which 
is important for inhibition of viral replication [75]. IL-17 
produced by Th17 cells are similarly involved in inflamma-
tory and autoimmune processes. In synergy with IL-22 and 
TNF-α, IL-17 accelerates the induction of antimicrobial pep-
tides [75]. In SARS-CoV-2 infection, it has been reported 
that there are significantly elevated levels of proinflamma-
tory cytokines, which has been correlated with significantly 

worse prognosis [71, 75–77]. These interleukins play a 
major role in the proinflammatory cascade as they involve 
proliferation and differentiation of many effector immune 
cells leading to further release and exacerbation of cytokine 
release syndrome (CRS) [75, 77].

CSFs participate in the inflammatory response and is 
responsible for proliferation and differentiation of hemat-
opoietic stem cells into the myeloid response during viral 
infections. Early reports in SARS-CoV-2 infection have 
reported elevated levels of CSFs in acute phases of infec-
tion; however, in more severe clinical cases, it has been 
suggested that elevated CSF levels causes a hyperactive 
myeloid response contributing to cytokine storm [71, 75, 
77]. Elevated CSF levels are also indicative of viral load and 
is associated with significant tissue damage in the lungs. As 
such, CSF could be a target of inhibition to prevent cytokine 
storm and hyperactivation of myeloid cells during COVID-
19 infection.

While antigen presenting cells (APCs) and immune cells 
are directly involved in increased cytokines, there are vari-
ous processes and conditions such as meibomian gland dys-
function and dry eyes that alter the protective structures of 
the eye leading to damage on the ocular surface epithelium 
[81, 82]. This damage leads to cytokine surge driving sec-
ondary inflammation and exacerbation of proinflammatory 

Fig. 2  SARS-CoV-2 infection of epithelial cells with cytokine path-
ways in dysfunctional myeloid and lymphoid immune responses lead-
ing to cytokine storm. ROS Reactive Oxygen Species, IL Interleukin, 

GM-CSF Granulocyte Macrophage Colony Stimulating Factor, IFN 
Interferon, TNF Tumor Necrosis Factor, NK Natural Killer, MHC 
Major Histocompatibility complex, Th T helper
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responses. Previous studies show that APC density in the 
center of the cornea is increased in inflammatory conditions 
such as viral infection, graft rejections, bacterial infections, 
and after procedures such as photorefractive keratectomy 
[81, 82]. Inflammatory conditions such as Sjogren’s dis-
played tenfold increase in inflammatory cytokines such as 
IL-1, IL-6, and IL-8 with a concomitant decrease in epi-
dermal growth factor (EGF) level and hyperosmolar tears 
leading to the upregulation of tear cytokines [78, 81]. In 
mice models, CD4 + T-cells promoted severe inflammation 
in the lacrimal glands, cornea, and conjunctiva leading to 
decreased tear production and goblet cell loss, which fur-
ther amplified the inflammatory response [82, 83]. Also, 
tear deficient mice upregulated IFN-γ, which further lead 
to apoptosis of goblet cells inhibiting the protection of tear 
film. Moreover, Th17 cells that are resistant to Tregs trigger 
ocular surface autoimmunity and IL-17 produced by Th17 
cells facilitate the inflammatory cycle through recruiting of 
neutrophils and hyperactive secretion of cytokines that leads 
to dry eye [81].

Immunology of the eye against infection

The ocular immune system defends the eye against infec-
tion and damage from the external environment [82]. An 
important innate defense mechanism by the eyes is the tear 
film which prevents against desiccation of the ocular surface, 
washes away foreign particles, and provides antimicrobial 
defense (Fig. 3) [80, 83]. The top portion of the tear-film 
includes the lipid secretions from the meibomian glands 
that prevents evaporation of the tears. The middle aqueous 
layer originates from the lacrimal glands to lubricate the 
ocular surface and contains many antimicrobial peptides 
and proteins such as immunoglobulins (predominantly 
IgA), lactoferrin, lysozymes, lipocalin, complement, secre-
tory phospholipase A2 (sPLA2) and beta-lysin [80]. Goblet 
cells produce the bottom mucosal layer, which functions to 
keep the epithelial cells of the eye moist and contains mucin, 
immunoglobulins, and leukocytes as a last line defense [82, 
84, 85]. Mucin located in the mucosal layer, acts as an adhe-
sive to many pathogenic agents. Ultimately these tear-film 
layers work together to provide important lubricant and 
microbial peptides, which defends the eye against micro-
bial agents. Dysfunctional and blocked tear ducts result in 
inflammatory responses in the meibomian glands that lead 
to meibomian gland dysfunction, which increases risks for 
chronic dry eyes or infections [83, 86].

Underneath the initial defense of the tear film, corneal 
epithelial cells and keratocytes produce cytokines that serve 
to activate the immune system to protect the eye against 
infections. IL-1α is present in both corneal epithelial cells 
and keratocytes, which get released when these cells rupture 

due to damage to the cell membranes [80]. IL-1α release 
leads to enhanced immune trafficking and proinflammatory 
immune responses. Production of IL-1α and TNF-α induces 
the secretion of IL-6 from corneal epithelial cells and kerato-
cytes with subsequently production of macrophage inflam-
matory protein (MIP), which is a potent chemoattractant for 
neutrophils and T-cells [80]. Keratocytes produce defensins, 
which provides broad spectrum antimicrobial defenses; how-
ever, possess additional anti-inflammatory benefits such as 
increased epithelial healing [80]. Other antimicrobial pro-
teins located in the cornea and conjunctiva include the com-
plement system, which helps with opsonization of microbial 
agents and chemotaxis for recruitment of immune cells [80].

Outside of the passive defense elements in the cornea 
and conjunctiva, early responding non-specific immune 
cells are some of the most important defenses our eye uses 
to control and fight infections [76]. Neutrophils reside in 
corneal endothelium after migrating through the limbal vas-
culature by diapedesis [80, 84, 86]. The neutrophil-derived 
interferon-α (IFN-α) plays an important role in viral immu-
nity as mice models without interferon exhibited elevated 
viral titer levels [80]. Similarly, macrophages play an impor-
tant role in phagocytosis and antigen presenting to T-cells 
for activation of the adaptive inflammatory response [87, 
88]. Macrophages are thought to be located in both conjunc-
tiva and corneal stroma [80]. Macrophages play an important 
role in initial defense connecting the innate and adaptive 

Fig. 3  The tear film protects the ocular surface from desiccation as 
well as infection from microbes. Meibomian glands secrete the top, 
lipid portion of the tear film which mostly prevents against evapora-
tion. The lacrimal glands secrete the middle aqueous layer which also 
lubricates the ocular surface and contains many antimicrobial factors 
such as immunoglobulins, lactoferrin, lysozymes, lipocalin, comple-
ment, secretory phospholipase A2 and beta-lysin. Goblet cells pro-
duce the bottom mucosal layer which contains mucin, immunoglobu-
lins, and leukocytes as a last line defense against pathogens
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immune systems. Corneal and conjunctival Langerhans cells 
provide a similar and important role in antigen recognition, 
processing, and presentation to T-cells [80]. Viral detection 
and activation of Langerhans cells, ultimately leads to pro-
duction of cytokines, chemokines, antimicrobial peptides, 
and a pro-inflammatory response [82, 84, 89]. Also, Langer-
hans cells exhibit the initial anti-viral defense in release of 
IFN-γ and cytokine release [88].

Generally, myeloid response located in peripheral tis-
sues recognize a wide range of pathogens through pattern-
recognition receptors (PRR) and toll-like receptors (TLRs) 
leading to direct or indirect elimination of the pathogens 
[90]. During the infection of RNA viruses including SARs-
CoV-2, TLR and PRR are activated through interactions 
with viral single stranded RNA (ssRNA) or double stranded 
(dsRNA). PRR and TLR activation causes downstream sign-
aling cascades that lead to expression of anti-viral proteins 
and cytokines such as TNF-α, IL1, IL6, IL18, and IFN I/
III [76]. The most important of these are the interferons, 
which have been shown to play important roles in anti-viral 
defenses through enhancing production of anti-viral proteins, 
activation of natural killer (NK) cells, and presentation of 
viral proteins to T-cells through upregulation of major his-
tocompatibility complex class I (MHC I) [76, 80]. Similarly, 
SARS-CoV-2 has been shown to be sensitive to IFN I and 
IFN III pre-treatments; however, the specific mechanisms 
and interactions are still unknown [76]. As IFN I and IFN 
III play an important role in viral defenses, studying pre-
vious coronaviruses, such as SARS-CoV and MERS-CoV, 
have shown that most coronaviruses have developed mecha-
nisms to inhibit IFN I signaling [76]. Similarly, an impaired 
and reduced IFN I signaling has been seen in COVID-19 
patients with severe SARS-CoV-2 infections compared to 
patients with mild or moderate cases [76]. While failure of 
an early IFN I response leads to more severe disease cor-
relation, it has also been observed that incubation timing is 
also important as IFN induces ACE2 upregulation causing 
more pathological effects and cytokine release in COVID-19 
infection [76].

Therefore, myeloid responses from macrophages and 
APCs such as Langerhans and dendritic cells play an 
important role in the initial response to viral infections. It 
is reasonable to believe that the reduced IFN I signaling 
cascades seen in severe cases of coronavirus, especially 
those in SARS-CoV-2, is due to mechanisms developed 
by coronavirus to evade or disrupt activation of anti-viral 
defenses in myeloid cells. One mechanism suggested that 
coronavirus escapes the immune system through protection 
of their RNA by gaining membrane-bound shields against 
interactions with host PRRs or TLRs [76]. Another mecha-
nism involves disguising viral RNA with guanosine caps and 
methylated 5′ ends to resemble our own host mRNA to avoid 
detection through PRRs and TLRs [76]. Other mechanisms 

developed could be the direct interference with downstream 
signaling from PRR and TLR activation, which ultimately 
causes increased viral replication through reduced IFN I and 
IFN III transcription and release [76]. While initially protec-
tive in the early stages of infection, it seems that unregulated 
activation of myeloid cells such as neutrophils and mac-
rophages cause increased inflammatory cascades, cytokine 
release, and tissue damage. In previous studies involving 
murine SARS-CoV-1, impaired IFN-I signaling leads to 
increased myeloid response by monocyte and macrophages 
that promoted increased cytokine release and recruitment 
of pro-inflammatory immune cells [76]. When the myeloid 
response systems become dysfunctional or hyperactivated, 
severity of SARS-CoV-2 infection occurs through increased 
viral loads and CRS [76]. While the current research in 
COVID-19 focuses mainly on lung involvement and sever-
ity of lung pathology, further investigations are warranted to 
confidently demonstrate myeloid responses and their effect 
on the severity of SARS-CoV-2 infections in the eye.

Importantly, viral mediated activation of inflammasomes, 
such as NLRP3, play a key response in initial responders 
such as macrophages and dendritic cells [76, 91]. There 
are several molecules that lead to the activation of NLRP3 
where different viral structures are predominant resulting in 
a proinflammatory response. Activation of NLRP3 leads to 
activation of procaspase 1, which in turn leads to the proteo-
lytic activation of IL-1β and IL-18 to initiate pyroptosis [76, 
91]. NLRP3 activation has been suggested as a mechanism 
for other viral infections such as influenza, adenovirus, HSV, 
and SARS-CoV-1 [76, 91]. Previously it was shown that 
defective NLRP3 led to defective inflammatory responses, 
increased CD4 + infiltrates, and higher levels of neutrophils 
with concomitantly increased levels of IL-1β, IL-18, proin-
flammatory cytokines, and chemokines. Therefore, NLRP3 
plays an aggravative effect on inflammatory responses as 
defective NLRP3 lead to increased susceptibility of viral 
infections and increased viral loads [91]. As inflamma-
some contributes to proinflammatory responses, it is rea-
sonable that inflammasome activation likely is contributory 
to cytokine storm and CRS noticed in COVID-19 patients. 
More studies are warranted to unveil the influence of inflam-
masome activations on SARS-CoV-2 infection of the eye.

Along with the myeloid response, innate lymphoid cells 
(ILCs) play an important part in viral defense. ILC is divided 
into cytotoxic NK cells and non-cytotoxic helper ILCs. NK 
cells are lymphocytes that are devoid of T-cell receptors 
(TCR) or B-cell receptors (BCR) that function in clear-
ing abnormal cells such as tumors, virally infected cells, 
antibody-mediated cell destruction, and undifferentiated 
cells [76, 80]. Previous studies have shown that NK cells 
are recruited to lung tissue in influenza and conjunctival 
stroma in dry eye disease [76, 92]. NK cells secrete TNF-α 
and IFN-α for inflammatory response through activation of 
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phagocytosis [80, 88]. NK cell are first responders to viral 
eye infections as they are destined to signal through IFN-γ 
and cytotoxic molecules such as perforin and granzymes, 
which allow for rapid targeting of pathologic antigens. The 
cytotoxicity is achieved through activation of Fc recep-
tor recognition of antibodies bound to viral antigens and/
or ligand recognition on NK cell activating receptors [76]. 
Like the myeloid response, NK cells are important for early 
containment and elimination of viral threats in the eye. How-
ever, early reports regarding NK mediated ADCC and NK 
cell dysfunction in COVID-19 patients has suggested its 
contributory role to cytokine storm. Multiple early reports 
of COVID-19 revealed reduced NK cells in the peripheral 
blood, which has been associated with increased COVID-
19 severity and morbidity [76]. In addition, the NK cells 
harvested ex vivo from the peripheral blood of COVID-
19 patients have been shown to have reduced cytotoxicity, 
chemokine production, and reduced granzyme B, granuly-
sin, IFN-γ, and TNF-α production [76]. Similarly, COVID-
19 patients with higher plasma concentrations of IL-6 and 
TNF-α displayed reduced NK cell numbers and impaired 
cytolytic functions, suggesting that proinflammatory states 
with large myeloid responses contribute to impaired NK cell 
function and reduced elimination of SARS-CoV-2 infected 
cells [76].

Helper ILCs such as tissue resident type 1 innate lym-
phoid cells (ILC1) play an early role in host defense against 
viral infections. Shown in previous mouse cytomegalovi-
rus (MCMV) models, the ILCs are the primary producers 
of IFN-γ prior to initiation of immune response [90]. Tis-
sue resident XCR1 dendritic cells produce early IL-12 to 
increase ILC1 production of IFN-γ via STAT-4 dependent 
manner [90]. ILC1 production of IFN-γ is critical to limit 
viral replication and infection as evident from increased 
viral load and decreased IFN-γ production in the absence of 
ILC1 [90]. Previous studies found that ILC2 were involved 
in restoration of damaged lung tissues following influenza 
infection [93]. Similarly, in ILC2 depleted mice models that 
suffered corneal abrasions, it was revealed that improve-
ment in corneal epithelial wound healing occurred upon 
reintroduction of ILC2 [93]. ILCs play an important role 
in host defense against viral infections and tissue healing, 
the reports on their role in SARS-CoV-2 infections are una-
vailable. Since the different subsets of ILCs are involved 
in both proinflammatory and anti-inflammatory processes 
during viral infections in the lungs and eye, it is important to 
study their interactions in SARS-CoV-2 infections. Further 
research is warranted to examine their roles in SARS-CoV-2 
eye infections and clinical course or increased inflammatory 
response with CRS [76, 90].

Initial viral infection and activation of TCRs lead to 
virus-specific effector T cells differentiation, which help 
to establish an effective immune response against the acute 

viral infections and facilitate memory response for an effi-
cient secondary response. Langerhans cells in corneal tissues 
present viral antigens through MHC I or MHC class II recep-
tors to activate CD8 + cytotoxic or CD4 + T-helper cells, 
respectively. Once activated, CD8 + T-cells act to eliminate 
infected cells and reduce viral load, while CD4 + T-cells 
secretes cytokines to activate other effectors cells, such 
as aiding B-cells in antibody production or recruitment 
of macrophages to prevent viral threats [80]. CD8 + T 
cells play a critical role in defending intracellular patho-
gens, especially viral infected cells, during the later phase 
of the acute viral infections [94]. During acute phases, the 
CD8 + T-cells proliferation and upregulation of granzymes 
and perforins bolster their cytolytic function. In addition, 
CD8 + secretes IFN-γ to enhance the clearance and process-
ing of viral peptides by APCs, which serves to increase over-
all viral peptides loading onto MHC I to further facilitate 
viral elimination [88]. When MHC I is downregulated or 
virus-MHC I interaction is disrupted, viral clearance suffers 
resulting in increased viral load [94]. In contrast, CD4 + cells 
play a regulatory role through secretions of cytokines that 
recruit other effector cells such as macrophages for inflam-
matory responses or Tregs in anti-inflammatory response. 
CD4 + cells differentiate into Th1, Th2, Th17, and Tregs to 
modulate the immune response depending on the needs and 
the cytokines in the environment. As T-cells play an impor-
tant role in bridging the innate and adaptive immune system, 
it is important to understand its role in COVID19 infection. 
Many studies regarding COVID-19 as well as SARS-CoV-1 
have reported lymphopenia and severely reduced amounts of 
CD4 + and CD8 + T-cells in more severe cases of COVID-
19 compared to mild and moderate counterparts [76]. 
There is an association between decreased CD8 + T-cell 
levels and severity and mortality of COVID-19 patients 
in ICU. Also, lymphopenia is associated with higher IL-6, 
IL-10, and TNF-α levels. However, unlike viral infection of 
T-cells in MERS-CoV, the mechanism for lymphopenia in 
SARS-CoV-2 remains unknown. Cytokines such as IFN-I 
and TNF-α result in the retention of T-cells into lymphoid 
organs and attachment onto endothelium, thus preventing 
their circulation in the blood [76]. However, recent stud-
ies have suggested that IL-6 and Fas-FasL interactions trig-
ger lymphocyte death causing low levels of lymphocytes in 
peripheral blood obtained from COVID-19 patients [76].

Furthermore, dysfunctional, or hyperactive T-cell 
response has been implicated in the CRS as the 
CD4 + T-cells resulted in IL-6 and IFN-γ production in 
patients with severe SARS-CoV-2 infections. Also, pre-
vious reports have suggested that CD8 + T-cells are less 
cytotoxic, with dysfunctional production of Granzyme 
B and degranulation in severe COVID19 [76]. Contrast-
ingly, other reports have suggested increased Granzyme 
B and perforin levels in severely sick cases of COVID-19. 
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In addition, Treg dysfunction and reduced Treg numbers 
were observed in severe COVID-19 patients [76]. Moreo-
ver, the loss of Treg anti-inflammatory response coupled 
with increased myeloid, lymphoid, and T-cell hyperactiv-
ity is a recipe for CRS and inflammatory overdrive lead-
ing to increased severity and mortality in SARS-CoV-2 
infections.

Conclusions

Based on the existing literature, we assert that the eyes act 
as an additional entry point for SARS-CoV-2. While current 
data is controversial on the feasibility of viral RNA isolation 
from the tear films of COVID-19 patients, SARS-CoV-2 is 
likely to be found in the ocular secretions of high-viral load 
patients with active conjunctivitis. The infected ocular fluid 
serves as a nidus of replication and vector for transmission to 
conjunctival, corneal, scleral, and nasolacrimal tissue. Like 
other respiratory diseases, SARS-CoV-2 can persist in the 
tear film despite antimicrobial peptides and progresses to the 
respiratory or gastrointestinal tracts through the nasolacri-
mal duct. Further investigations are recommended to unveil 
the ocular transmission of SARS-CoV-2 and to identify 
novel targets for intervention. Nonetheless, the possibilities 
of SARS-CoV-2 transmission cannot be neglected and is 
necessary to develop strategies to prevent virus spread via 
ocular route during this pandemic era.
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