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Abstract

Known to occur in widespread outbreaks, epidemic keratoconjunctivitis (EKC) is a severe ocular 

surface infection with a strong historical association with human adenovirus (HAdV). While the 

conjunctival manifestations can vary from mild follicular conjunctivitis to hyper-acute, exudative 

conjunctivitis with formation of conjunctival membranes, EKC is distinct as the only form of 

adenovirus conjunctivitis in which the cornea is also involved, likely due to specific corneal 

epithelial tropism of its causative viral agents. The initial development of a punctate or geographic 

epithelial keratitis may herald the later formation of stromal keratitis, and manifest as subepithelial 

infiltrates which often persist or recur for months to years after the acute infection has resolved. 

The chronic keratitis in EKC is associated with foreign body sensation, photophobia, glare, and 

reduced vision. However, over a century since the first clinical descriptions of EKC, and over 60 

years since the first causative agent, human adenovirus type 8, was identified, our understanding of 

this disorder remains limited. This is underscored by a current lack of effective diagnostic tools 

and treatments. In part, stasis in our knowledge base has been encouraged by the continued 

acceptance, and indeed propagation of, inaccurate paradigms pertaining to disease etiology and 

pathogenesis, particularly with regard to mechanisms of innate and adaptive immunity within the 

cornea. Owing to its often persistent and medically refractory visual sequelae, reconsideration of 

key aspects of EKC disease biology is warranted to identify new treatment targets to curb its 

worldwide socioeconomic burden.
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1. INTRODUCTION

First described as “superficial punctate keratitis” and “nummular keratitis” in the late 19th 

century by Austrian physicians Fuchs (Fuchs, 1889) and von Stellwag (Carion von Stellwag, 

1889), respectively, epidemic keratoconjunctivitis (EKC) is a highly contagious and 

potentially visually disabling infection of the conjunctiva and cornea. EKC is most 

commonly the result of human adenovirus (HAdV) infection, particularly HAdV species D 

types 8, 37, 53, 54, 56 and 64, and is characterized by a severe acute inflammatory response 

in these tissues. EKC is initially marked by epiphora and chemosis, conjunctival follicular 

hyperplasia and exudation, and punctate and/or geographic epithelial keratitis (Rajaiya and 

Chodosh, 2006). EKC is the most severe form of HAdV-associated conjunctivitis and is the 

only form to significantly involve the cornea. Its defining feature, or sine qua non, is the 

formation of delayed-onset, corneal subepithelial infiltrates (SEIs) (Butt and Chodosh, 

2006). These cause foreign body sensation, photophobia, glare, and reduced vision, and may 

persist and/or recur for months to years despite treatment.

The eminent infectious diseases specialist, Ernest Jawetz, first identified HAdV-D8 as the 

cause of EKC after outbreaks with thousands of cases in shipyard workers of Hawaii and 

San Francisco in 1941 (Jawetz et al., 1957), leading to characterization of the malady as 

“shipyard eye”. Jawetz later described his search for an etiology as “replete with mystery” 

which was made difficult by “myth, fiction and hearsay” (Jawetz, 1959). Here, Jawetz was 

referring to contradictory and implausible accounts of others claiming to have isolated a 

viral etiology without definitive and reproducible evidence. Sixty years on, these sentiments 

are still pertinent. EKC remains relatively misunderstood, and our understanding of its 

disease biology is affected, to an extent, by continued acceptance of antiquated, erroneous 

paradigms concerning its key features. The etiologies of EKC, which may include as yet 

undetected pathogens, have not been completely elucidated. Further, a modem 

understanding of EKC pathogenesis and its key inflammatory mediators has been 

undermined by the long-held notion of the cornea as an inert immunological substrate or 

“immunologic blotter”, an idea still perpetuated within academic circles today. An evidence 

base is necessary to inform efforts to better define patterns in clinical presentation and 

disease course, identify feasible treatment targets, and establish guidelines for clinical 

management. We review current progress and identify future avenues of research to achieve 

better control of disease transmission, prevent chronic visual complications, and reduce the 

substantial socioeconomic costs associated with EKC.
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2. ETIOLOGY OF EKC

2.1. Human Adenovirus (HAdV): A Short History

First isolated in 1953 from human adenoids (Rowe et al., 1953), HAdVs belong to the genus 

Mastadenovirus and family Adenoviridae, and are medium sized (~70–110 nm), double-

stranded DNA viruses consisting of a linear genome of approximately 36,000 base pairs 

(Russell, 2009). They are nonenveloped viruses with an icosahedral capsid composed of 20 

triangular faces, 240 hexon trimers, and 12 vertices with each vertex composed of a ring of 

five penton base proteins with a central protruding trimeric fiber protein and distal “knob” 

(Fig. 1a). The capsid is reinforced by minor proteins, including Ilia, VI, VIII and IX, which 

surround a host of core proteins associated with viral DNA, including terminal DNA 

proteins, IVa2, Mu, V, VII and core proteases (Fig. 1b and 1c). As non-enveloped viruses, 

HAdVs are highly resistant to environmental desiccation, and remain infectious for up to 

one month following dissociation from their hosts (Nauheim et al., 1990). They are therefore 

capable of both direct and indirect modes of transmission. HAdVs exhibit near exclusive 

species specificity for humans (Ginsberg et al., 1991; Lam et al., 2011), although in 

experimental models, mice (Chintakuntlawar et al., 2007), rabbits (Gordon et al., 1992) and 

hamsters (Toth et al., 2008) can all be infected, albeit to a limited degree. HAdVs cause an 

array of diseases, including mucosa-associated respiratory, gastrointestinal, genitourinary, 

and ocular surface infections, as well as neurological infections such as 

meningoencephalitis. In immunocompromised patients, HAdVs are commonly associated 

with graft-site infections and often lethal disseminated disease, with most cases due to viral 

reactivation (Hierholzer, 1992; Lion, 2014, 2019; Matthes-Martin et al., 2013; Shields et 

al.,1985).

Historically, the initial 51 HAdV types were classified based on serum neutralization and 

hemagglutination inhibition. Serum neutralization is attributed to the epsilon determinant, an 

epitope on the hexon protein formed by two hypervariable loops, coded for at the genome 

level by hypervariable regions 1–6 and 7, respectively. Hemagglutination inhibition is a 

property of the fiber protein. These methods have now been superseded by whole genome 

sequencing (WGS) and molecular genotyping, as endorsed by the National Institute of 

Health GenBank since 2011. Therefore, the term “genotype” now succeeds “serotype” to 

reflect the method of characterization. As of the writing of this review, there are 7 HAdV 

species (A-G) and 103 HAdV genotypes in GenBank (Fig. 2 and 3). Proposed new types are 

screened for approval as “new” types by the Human Adenovirus Working Group, based on 

either a unique sequence for the penton base, hexon, and/or fiber protein, or by a unique 

recombination between previously characterized penton base, hexon, and/or fiber gene 

components (Liu et al., 2012; Seto et al., 2011). New types are generated primarily through 

homologous recombination during viral replication in the setting of co-infection (Ismail et 

al., 2018b). The arrival of the HIV pandemic in the mid-late 1980s coincided with the 

accelerated emergence of new HAdV types, with species D types 43–51 all isolated from 

AIDS patients (DeJong et al., 1999; Hierholzer et al., 1988; Schnurr and Dondero, 1993). It 

has been postulated that immunosuppression gives rise to the conditions which favor viral 

persistence and co-infection, prerequisites to homologous recombination between viruses, 
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but the exact mechanisms for the emergence of so many novel viruses in HIV-infected 

patients remain elusive (Echavarria, 2008).

With reduced expense and greater ease of WGS, HAdV identification at the level of its 

nucleotide sequence now permits the correct and exact taxonomy of disease causing viruses 

(Walsh et al., 2010), and WGS has also since been completed for all the original 51 HAdV 

serotypes (Robinson et al., 20lla). As an example of how WGS has fundamentally changed 

how we characterize and type HAdVs, genome sequencing has now unequivocally shown 

that what was previously called HAdV-D19a is actually a recombinant of HAdV-D19, 

HAdV-D22 and HAdV-D37 (Zhou et al., 2012). Only a small contribution derives from 

HAdV-D19, specifically the epsilon determinant responsible for its serum neutralization. 

Now retyped as HAdV-D64, this “Trojan horse” virus appears to the humoral immune 

system as HAdV-D19, but its genome is comprised almost entirely of the nucleotide 

sequences of HAdV-D37 with a small contribution from HAdV-D22. HAdV-D64, formerly 

HAdV-D19a, exhibits corneal epithelial tropism, while the prototype HAdV-D19 does not 

(Zhou et al., 2012).

2.2. Multiple Etiologies of EKC

The association between HAdV species B, D and E and ocular surface infection is well-

established (Fig. 2), with disease manifestations ranging from simple follicular conjunctivitis 

(types 3, 4, 7) and pharyngoconjunctival fever (types 3, 7, 14) to the more severe EKC (types 

8, 37, 53, 54, 56 and 64) (Aoki et al., 2008; Ariga et al., 2004; Hage et al., 2017; Ishiko and 

Aoki, 2009; Ishiko et al., 2008; Kaneko et al., 2011a; Nilsson et al., 2011; Robinson et al., 

2009; Robinson et al., 2011b; Walsh et al., 2009; Zhou et al., 2012). However, the recent 

isolation of HAdV-85 from two Japanese patients with SEI-associated adenoviral 

conjunctivitis (Hashimoto et al., 2018) may suggest that we have not yet elucidated all 

potential etiologies capable of causing EKC, which remains a barrier to our understanding 

and ability to develop new therapies. Eye care providers and health care facilities are the 

source of infection in many outbreaks of adenovirus infection in general (Dawson and 

Darrell, 1963; Sammons et al., 2019), and as discussed above, EKC in particular. However, 

no index case or source of infection is identified in up to half of affected patients in some 

case series (Butt and Chodosh, 2006; Mueller and Klauss, 1993). In this context, it has been 

postulated that in addition to causing acute outbreaks, EKC can also be endemic, in some 

instances arising from reservoirs found within individual communities, made possible by 

indirect transmission due to adenoviral survival in the environment (Butt and Chodosh, 

2006; Dawson et al., 1963; Dawson et al., 1972; Zweighaft et al., 1977). This would render 

the adjective “epidemic”, as first proposed by Hogan and Crawford in 1942 (Hogan and 

Crawford, 1942), as not always true. Secondly, as discussed above, we can draw lessons 

from the inaccurate ascription ofHAdV-D19 as a prime cause of EKC (Darougar et al., 

1977), which unfortunately persists in the current literature.

The most compelling evidence for non-HAdV EKC-associated pathogens comes from a 

recent analysis of an international randomized controlled trial investigating the 

administration of auricloscene for keratoconjunctivitis by Lee and colleagues (Lee et al., 

2018). They found that within 500 patients thought by the trial investigators to have EKC, 
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22% were adenoviral negative on quantitative PCR and of these, 36% developed SEIs which 

were clinically indistinguishable from the PCR-positive cohort. Subsequent WGS utilizing 

the metagenomics database Kraken (Wood and Salzberg, 2014) on 16 selected PCR-negative 

patients recovered no HAdV genomic material. Curiously, there was a higher proportion of 

samples containing torque teno virus (TTV) in these PCR-negative patients when compared 

to 16 controls. Also of note, of those patients who were PCR-positive for adenovirus, only 

81% were PCR-positive for HAdV-D. About 9% of patients were infected with HAdV-E4 

and 6% with HAdV-B3, with other HAdV-B viruses accounting for almost all the remainder. 

These data suggest that as metagenomics-based methods of viral detection improve, other 

viruses may be implicated in EKC. Known causes of SEIs that can mimic adenoviral 

keratitis include infection by members of the herpes family, including herpes simplex virus, 

varicella zoster virus, and Epstein-Barr virus, and also bacterial infections such as 

chlamydia. Other candidates may be considered, including TTV, which was recently 

associated with culture-negative endophthalmitis (Lee et al., 2015). RNA viruses which 

cause conjunctivitis, including the picomaviruses (coxsackie and enterovirus), may also be 

involved in EKC

3. CLINICAL MANIFESTATIONS OF EKC

Acute EKC remains a clinical diagnosis, characterized by the classical triad of preauricular 

lymphadenopathy, hyperacute, follicular and sometimes membranous conjunctivitis, and 

punctate or geographic epithelial keratitis (Chodosh, 2011; Dawson et al., 1972) (Fig. 4). 

The severity of disease is highly variable following HAdV incubation, usually 5–12 days, 

and ranges from mild, subclinical ocular surface inflammation to fulminant conjunctivitis 

characterized by marked photophobia, epiphora, chemosis, and eyelid swelling. The 

contralateral eye is affected in around 70% of patients (Kimura et al., 2009), albeit usually to 

a less severe extent. Conjunctival membranes form in 24.1%–60% (Butt and Chodosh, 2006; 

Dawson et al., 1972) of patients, although there is ongoing misunderstanding regarding the 

distinction between pseudomembranes and membranes in the literature. The prominent 

ophthalmologist Duke-Elder distinguished the two by the absence or presence, respectively, 

of bleeding upon removal (Duke-Elder, 1965a). This appears to be a somewhat arbitrary 

distinction. Both pseudomembranes and membranes likely exist on a continuum of marked 

conjunctival inflammatory responses which produce fibrin and neutrophil-rich conjunctival 

exudates (pseudomembranes). Given time and in the absence of treatment, they may become 

vascularized (Chintakuntlawar and Chodosh, 2010), and will therefore bleed upon removal 

(membranes). Bleeding should therefore be expected upon removal when a 

pseudomembrane is sufficiently severe and not removed or treated before neovascularization 

has begun. Eventually, untreated conjunctival membranes become incorporated into host 

tissue, evident as late subconjunctival fibrosis. When membranes are present on adjacent 

bulbar and tarsal conjunctival surfaces, they can evolve to symblepharon and in the worst 

cases may contribute to restriction of ocular motility.

The severity of conjunctivitis in EKC is distinctive, but the hallmark of EKC is corneal 

involvement, which may begin in the acute stage as punctate or geographic epithelial 

keratitis (Chodosh et al., 1995; Dawson et al., 1972; Hogan and Crawford, 1942). The 

epithelial keratitis of EKC resolves within several days of onset, but up to 60% of patients 
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then develop stromal keratitis, manifest by multifocal SEIs, or “nummuli”, typically 14–21 

days after symptom onset (Lee et al., 2018). EKC-associated SEIs are typically small, less 

than 0.5mm, and relatively uniform in size within patients. This can in some cases 

distinguish them from the nummuli seen in patients with varicella zoster and herpes simplex 

virus keratitis, in which SEIs tend to vary in size, and often exceed 1 mm in diameter (J 

Chodosh, personal observation).

Most strongly associated with HAdV-D infection, EKC-associated stromal keratitis can be 

stubborn and difficult to treat. While SEIs resolve within 5–6 weeks in most cases, there is a 

significant minority of patients in whom the keratitis will persist or recur for months to years 

after acute infection (Butt and Chodosh, 2006; Freyler and Sehorst, 1976; Pettit and 

Holland, 1979). SEIs may be asymptomatic but can also cause corneal aberrations and 

irregular astigmatism, reduced vision, glare, photophobia, and foreign body sensation (Aydin 

Kuma et al., 2015). Speculation exists regarding a possible correlation between the severity 

of conjunctivitis and an increased likelihood of developing SEIs, but existing data is 

insufficient to draw conclusions (Butt and Chodosh, 2006). Although infection with viruses 

from HAdV-D is more commonly associated with delayed-onset SEIs, it is now clear they 

can also develop with infection by other HAdV species (Lee et al., 2018) and with other 

non-HAdV infections, as discussed above. Regardless, the potential for chronic or relapsing 

and remitting keratitis in patients with EKC is not consistent with the frequently encountered 

view that EKC is a trivial, self-limited infection without visually significant sequelae.

4. PATHOGENESIS OF EKC WITH CLINICAL CORRELATIONS

4.1. HAdV Entry into Cells

HAdV corneal infection begins in the corneal epithelium (Chodosh et al., 1995; Dawson et 

al., 1972; Imre et al., 1963; Maudgal, 1990). Infection requires attachment of the viral fiber 

knob to a molecule on the cell surface (Huang et al., 1999; Ismail et al., 2016; Louis et al., 

1994). Cellular receptors known to bind HAdV fiber knob include coxsackie-adenovirus 

receptor (CAR)(Bergelson et al., 1997), major histocompatibility complex (MHC) class I 

(Hong et al., 1997), membrane cofactor protein (CD46) (Gaggar et al., 2003; Segerman et 

al., 2003a), and sialic acid (Arnberg et al., 2000; Arnberg et al., 2002). Most HAdVs utilize 

CAR as their primary attachment site, but HAdVs associated with EKC display a preference 

for CD46 (Wu et al., 2004) and/or sialic acid (Arnberg et al., 2000; Arnberg et al., 2002), 

more specifically the sialic acid residues on GD1a glycan (Nilsson et al., 2011). HAdV 

internalization is mediated by a secondary interaction between the amino acid motif, Arg-

Gly-Asp (RGD), which is expressed (Segerman et al., 2003b) on a loop protruding from 

each penton base protein, and host cellular integrins, in particular, αvβl, αvβ3, αvβ5, and 

α3β1 (Li et al., 2001; Storm et al., 2017; Wickham et al., 1993). Because there are 5 penton 

base proteins in a ring at the base of each fiber protein, each penton base capsomer binds and 

aggregates 5 integrin molecules (Chiu et al., 1999), which then undergo a conformational 

change that activates downstream intracellular signaling.

The subsequent signaling cascade includes activation of numerous downstream messengers 

such as phosphoinositide 3-kinase (PI3K) and the Rho family GTPases (Li et al., 1998a; Li 

et al., 1998b). For HAdV-C, these events mediate internalization of virions into endosomes 

Jonas et al. Page 6

Prog Retin Eye Res. Author manuscript; available in PMC 2021 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



via clathrin-coated pits on the plasma membrane. Dynamin-mediated constriction and 

subsequent budding of these vesicles allow for their preordained transport to the nucleus 

where viral replication and gene production occur (Wang et al., 1998). However, viral 

internalization of HAdV-D differs from that of HAdV-C, and is cell-type specific. For 

example, HAdV-D37 infection of corneal fibroblasts has been shown to involve caveolin-1 

rather than clathrin (Yousuf et al., 2013), suggesting other differences in viral entry and 

trafficking between HAdV species and/or types, and as shown in other cell types (Teigler et 

al., 2014). Intracellular signaling for HAdV-D also differs from that of HAdV-C, with Src 

kinase a critical upstream signaling molecule for EKC viruses (Natarajan et al., 2003), and 

further involvement of focal adhesion kinase (Natarajan et al., 2002a) and mitogen-activated 

protein kinases (Rajaiya et al., 2009; Rajaiya et al., 2008; Xiao and Chodosh, 2005) in 

subsequent downstream events. For HAdV-D associated with EKC, PI3K functions to 

maintain cell viability sufficient to support viral replication (Rajala et al., 2005), rather than 

viral internalization (Natarajan et al., 2003).

There are other requisite events in infection of ocular surface cells in vivo beyond receptor 

binding. Membrane-associated mucins (MAMs) form a tethered interface between 

epithelium and the external environment. In order to infect mucosal epithelial cells, HAdVs 

must first pass through a MAM-rich glycocalyx, which forms a physical barrier to infection. 

On the ocular surface, it has been shown that one MAM in particular, MUC16, plays a 

dominant role in ocular surface barrier function (Gipson et al., 2014). Remarkably, the EKC 

pathogen HAdV-D37 induces release of the extracellular domain of MUC16, permitting 

infection of underlying ocular surface epithelial cells, while the non-EKC inducing HAdV-

Dl9 does not (Menon et al., 2016). These data suggest that EKC viruses may have evolved 

unique means of infection specific to the ocular surface.

4.2. Ocular Surface Inflammation in Acute EKC

Following binding and internalization of HAdVs, a profound but non-specific innate 

immune response is mounted within infected tissues. Limited evidence suggests this is 

orchestrated by local dendritic cells, macrophages and natural killer (NK) lymphocytes, 

which produce a storm of pro-inflammatory cytokines including IL-l, IL-6, IL-8, CCL2, 

IFN-γ, and TNF-α (Muruve et al., 1999; Yawata et al., 2016), but also by cytokines 

produced by resident ocular surface epithelial and stromal cells (Chintakuntlawar and 

Chodosh, 2009; Lee et al., 2019; Mukherjee et al., 2015; Natarajan et al., 2002a; Natarajan 

et al., 2003; Pennington et al., 2019; Rajaiya et al., 2009; Rajaiya et al., 2008; Rajaiya et al., 

2015; Teigler et al., 2014; Xiao and Chodosh, 2005; Yousuf et al., 2016; Yousuf et al., 

2013). Increased vascular flow and permeability gives rise to marked conjunctival injection, 

localized petechial hemorrhages, and frank exudation. HAdVs also induce local immune 

dysfunction in the conjunctiva. This includes the modulation of mature CD56dim NK 

populations towards less mature CD56bright NK subsets, amplification of the NK-inhibitory 

effect of HLA-E found on the surface of conjunctival epithelial cells, and concomitant 

downregulation of NK-activating ligands (Yawata et al., 2016). The inflammatory response 

by T-cells and local macrophages leads to the production of fibrin and neutrophil-rich 

exudates.

Jonas et al. Page 7

Prog Retin Eye Res. Author manuscript; available in PMC 2021 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



These are the very same exudates that form membranes on the bulbar and palpebral surfaces, 

and can undergo neovascularization. Over time, untreated conjunctival membranes become 

epithelialized and incorporated into the conjunctiva. Therefore, a prior membranous 

conjunctivitis may be identified later as subconjunctival fibrosis and/or symblepharon 

(Chintakuntlawar and Chodosh, 2010).

4.3. Historical Paradigms Regarding Corneal Responses to Injury

The view of the cornea as an immunologically inert bystander in inflammation following 

injury persists widely in the published literature, in part due to its erroneous conflation with 

the notion of corneal immune privilege in the context of transplant biology (Khodadoust and 

Silverstein, 1972; Streilein et al., 1979), but also due to a general reticence in science and 

medicine to critically evaluate claims proposed by eminent scholars. The brilliant British 

ophthalmologist Barrie Jones’ conception of the corneal stroma as an “immunological 

blotter” (Jones, 1958) following corneal insult continues to be widely cited in reference 

books, reviews, and original articles (Arcieri et al., 2004; Dosso and Rungger-Brandle, 2008; 

Duke-Elder, 1965b; Gordon et al., 1996; Jhanji et al., 2015; Laibson et al., 1970; Tullo and 

Higgins, 1979), and appears to have been canonized in our literature without question. Jones 

hypothesized that the soaking of adenoviral antigens from the presumed site of infection – 

the corneal epithelium – into the underlying and inert corneal stroma, culminates in an 

antibody-antigen reaction in the stroma, giving rise to SEIs (Jones, 1958). While indeed an 

elegant model, Jones’ theory has never been reproduced experimentally for adenovirus 

infections. Further, an antigen-antibody precipitate in the cornea typically manifests as a 

Wessely ring (Wessely, 1911), in which a visible ring in the corneal stroma equates to the 

zone where concentrations of antibody and antigen are equal. The same phenomenon can be 

reproduced in vitro and is characterized as an Ouchterlony line (Ouchterlony, 1949). Most 

importantly, Wessely rings are not part of the clinical presentation of EKC at any stage.

4.4 Innate Immune Responses in EKC

There is now a wealth of experimental evidence to challenge the idea of the cornea as an 

immunologically apathetic substrate. In vitro studies utilizing a novel 3-dimensional 

“corneal facsimile” model of the corneal stroma (Chodosh et al., 2000; Rajaiya et al., 2015), 

essentially a corneal stroma and basement membrane in a test tube, along with development 

of a mouse model of adenovirus keratitis in which HAdV induces innate immune responses 

but does not replicate (Chintakuntlawar et al., 2007), have permitted detailed studies of the 

innate immune responses mediated by infected corneal cells. To create the corneal facsimile, 

primary human keratocytes are dispersed within a type I collagen matrix, overlaid with an 

epithelial basement membrane mimic (Matrigel®), and cultured on a tissue culture insert 

with a pore size large enough to permit passage of leukocytes through the supporting 

membrane (Fig. 5). After overnight infection with HAdV-D37, and within one hour after 

placing human peripheral blood leukocytes in the media beneath the insert, the immune cells 

migrate against gravity through the collagen matrix to form sub-basement membrane foci of 

neutrophil infiltration, similar to SEIs seen in EKC. Infiltrates form at foci of IL-8 (CXCL8) 

deposition in the basement membrane, and co-localize to the basement membrane protein 

heparan sulfate, shown by others to stably bind IL-8 (Frevert et al., 2003) (Fig. 6). 

Leukocytes do not migrate nor do infiltrates form in corneal facsimiles without the presence 

Jonas et al. Page 8

Prog Retin Eye Res. Author manuscript; available in PMC 2021 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of infected keratocytes. Inhibitors of Src and p38 MAP kinase block infiltrate formation 

(Rajaiya et al., 2015).

The mouse model of adenovirus keratitis is generated by micro-injection of HAdV-D37 at 

high titer into the corneal stroma of the C57BL/6j mouse (Chintakuntlawar et al., 2007)(Fig. 

7–9). Clinically evident corneal stromal inflammation starts at one day and peaks at four 

days post-injection, and is characterized by early expression of the mouse IL-8 homologue 

KC (CXCL1) and delayed expression of MCP-1 (CCL2), which mediate infiltration of 

neutrophils (Chintakuntlawar and Chodosh, 2009) and then activated monocytes, 

respectively. Remarkably, at six weeks post infection, long after the acute keratitis has 

resolved, approximately one-third of mouse eyes develop recurrent SEIs similar to human 

patients with EKC. In further studies, it was shown that the key virus-associated molecular 

pattern (VAMP) responsible for acute keratitis is the adenovirus capsid. More specifically, 

integrin aggregation induced by binding of the multiple (five) penton base RGD loops 

present on each penton base capsomer (Chiu et al., 1999) induces downstream intracellular 

signaling requisite for the production of chemokines by infected corneal stromal cells 

(Chintakuntlawar et al., 2010). In the same mouse model, signaling by interaction of HAdV 

DNA with toll-like receptor 9 (TLR9) induced IL-6 expression but was by itself insufficient 

to induce clinically evident keratitis. Thus, HAdV DNA is also a VAMP in the corneal 

stroma, albeit a less potent inflammatory signal. However, signaling after infection through a 

combination of TLR2 and TLR9 contributed synergistically to stromal inflammation, and 

was mediated by MyD88 activation (Zhou et al., 2017). In tum, MyD88 activation 

contributed to phosphorylation of Src, shown previously to be activated in keratocytes by 

HAdV-D64 infection. In this experimental system, Src is a key upstream regulator of MAP 

kinase activation, NFKB phosphorylation and nuclear translocation, and pro-inflammatory 

gene expression (Natarajan et al., 2003; Rajaiya et al., 2008; Xiao and Chodosh, 2005).

Subsequent corneal stromal infiltration includes both neutrophils and activated monocytes 

(Chintakuntlawar et al., 2007; Chintakuntlawar and Chodosh, 2009; Chintakuntlawar et al., 

2010; Zhou et al., 2017). In human patients, infiltration is driven by the chemokines IL-8 

(CXCL-8) and MCP-1 (CCL2) (Chodosh et al., 2000; Natarajan et al., 2002b), requiring 

activation of MAP kinases, specifically p38 MAP kinase, ERK, and JNK, and leading to 

NFKB phosphorylation and nuclear translocation (Natarajan et al., 2002a; Natarajan et al., 

2003; Rajaiya et al., 2008; Xiao and Chodosh, 2005) (Fig. 10). Infection of the cornea does 

not occur in isolation from the cytokine storm associated with conjunctival infection, and 

other pro-inflammatory cytokines, including IL-l, IL-6, TNF-α, CXCLl/KC, CXCL5/LIX, 

CXCLlO, IFN-α and IFN-β are also involved (Chintakuntlawar and Chodosh, 2009; Lin et 

al., 2007; Robinson et al., 2013b; Xiao and Chodosh, 2005). In the mouse cornea, the 

presence of bone marrow derived cells, including cells phenotypically consistent with 

macrophages and dendritic cells (Brissette-Storkus et al., 2002; Knickelbein et al., 2009) 

also appears to play a role in keratitis following corneal stromal infection with HAdV-D37 

(Ramke et al., 2016). HAdV infection of keratocytes induces a pro-inflammatory cytokine 

footprint independent of viral gene expression (Chintakuntlawar et al., 2010) or viral 

replication (Kafri et al., 1998; Natarajan et al., 2003; Trousdale et al., 1995)(Fig. 9). These 

observations have led to the view that effective treatment of chronic adenovirus keratitis may 

be best oriented towards immune modulation rather than targeting viral replication.
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4.5. Adaptive Immune Responses in EKC

It is known that ocular surface infection by adenovirus, including EKC, causes a rise in the 

production and circulation of neutralizing antibodies in humans (Hierholzer and Sprague, 

1979; Jawetz et al., 1957) and in experimental animal models (Gordon et al., 1992; 

Trousdale et al., 1995). Serum neutralizing antibodies are directed towards the adenovirus 

capsid, principally the epsilon determinant of the hexon protein (Crawford-Miksza and 

Schnurr, 1996). Neutralizing antibodies demonstrate very limited intra-species cross-

reactivity, and only when the epsilon determinants of two viruses are closely homologous. 

For instance, antibodies directed against HAdV-54 are also weakly reactive to HAdV-8 in 

neutralization assays, leading to previous instances of adenovirus mistyping (Ishiko et al., 

2008; Kaneko et al., 2011b). Infection of resident antigen presenting cells within the ocular 

surface and draining lacrimal system, and subsequent presentation of antigen in local 

lymphoid tissue and draining lymph nodes to B cells is responsible for the production of 

type-specific antibodies (Junt et al., 2007), and explains the association of ocular surface 

infection by HAdVs with conjunctival follicular hyperplasia and preauricular 

lymphadenopathy (Butt and Chodosh, 2006). Cytotoxic T-cells against HAdV capsid 

proteins are also induced in draining lymph nodes (Yang et al., 1995), and contribute to the 

pathology of infection.

5. DIAGNOSIS OF EKC

While most cases of EKC are diagnosed based on the clinical examination alone (Butt and 

Chodosh, 2006), molecular tests including polymerase chain reaction (PCR) and WGS can 

be helpful under certain circumstances (Lee et al., 2018). In outbreak settings, 

epidemiological investigations are now often guided by PCR and/or WGS analysis of 

samples retrieved from those affected and their physical surroundings (Sammons et al., 

2019), providing valuable data related to the types of virus involved, their source, and their 

modes of transmission. This information can then inform public and/or departmental health 

measures to limit disease spread (Chodosh, 2019). In contrast, older methods of diagnosis 

have significant limitations. Viral cultures have limited utility because they typically do not 

provide results quickly enough to have an impact on management of acute illness or in 

disease surveillance. Similarly, acute and convalescent serologies are seldom helpful as 

results only become available when all but the chronic manifestations have resolved.

Point-of-care technologies such as the RPS Adeno Detector (Rapid Pathogen Screening Inc., 

South Williamsport, PA) and its later iteration, AdenoPlus (RPS ADP; Rapid Pathogen 

Screening Inc., Sarasota, FL), are FDA-approved for the office-based identification of 

adenovirus in clinical samples. AdenoPlus is an enzyme-linked immunosorbent assay 

designed to detect a highly conserved region on the HAdV hexon capsomer, using patient 

tears, with results obtainable within 10 minutes of sample collection. While a company-

funded trial in 2013 reported promising results for the AdenoPlus with sensitivities, 

specificities, positive and negative predictive values all >85% when compared to cell culture 

and PCR (Sambursky et al., 2013), its real-life application has yielded less encouraging 

results. One masked diagnostic accuracy study in the UK involving 121 patients reported a 

sensitivity and specificity of 39.5% and 95.5%, respectively, when compared to PCR (Kam 
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et al., 2015), while a more recent analysis from the multicenter BAYnovation Study Group 

found a negative predictive value of only 71% (Lee et al., 2018). Another study of 125 

patients at the Mayo Clinic, Rochester, reported a sensitivity and specificity of 50% and 

92%, respectively (Holtz et al., 2017). The reasons for discrepancies between these latter 

results and those of the device manufacturer are unclear, but may include differences in the 

patient populations sampled or the means of sample collection. Nonetheless, until further 

clarification, these results may prevent large scale adoption of this technology.

6. MANAGEMENT OF EKC

6.1. Preventing Transmission

Adenovirus can be transmitted in droplets through sneezing or coughing, by eye-hand-eye 

contact, and through fomites, and remains infectious on porous surfaces for up to 10 days 

and on nonporous surfaces for over one month (Nauheim et al., 1990). The prior association 

of EKC with work in naval yards (“shipyard eye”) was actually due to iatrogenic 

transmission of virus by contaminated tonometers in the offices of eye care providers caring 

for shipyard workers (Jawetz, 1959; Thygeson, 1949). Therefore, once a presumptive 

diagnosis of EKC is made, significant attention must be given to preventing spread of the 

infection to others. Patients should be educated regarding the typical length of viral 

shedding, typically 10–14 days following the onset of symptoms, and the need to avoid 

infecting others. The risk of transmission is particularly high when there is tearing or 

discharge from the affected eye(s), because of the tendency to wipe away tears and discharge 

with one’s hand, a tissue paper, or towel. These in tum can contaminate anything or anyone 

they come in contact with. In general, this means discouraging sharing of personal articles 

including cell phones and computer keyboards. Towels and pillow cases should be washed in 

soap and hot water and not shared. Touching the infected eye should be avoided as much as 

possible, and any tissue paper or hand towels used to wipe away tears or ocular discharge 

should be immediately disposed of or washed. Patients with tearing and/or discharge should, 

as much as possible, avoid public spaces, health care facilities, schools, and childcare 

centers. Extreme care must be exercised particularly by healthcare workers and individuals 

who may have contact with immunocompromised persons, such as neonates, the elderly, and 

those with serious chronic disease. In addition to being released from work until ocular 

discharge has ceased, healthcare workers should be counseled not to touch their eye(s) and 

to wash their hands thoroughly before and after every patient encounter. Disinfection of 

common surfaces including those in ophthalmology clinics and associated clinical 

equipment is paramount (Sammons et al., 2019), with the Centers for Disease Control and 

Prevention (CDC) recommending disinfection with a chlorine-based agent pursuant to 

equipment compatibility (Rutala et al., 2006).

6.2. Supportive Therapy

Supportive therapy is widely considered the mainstay of EKC management, but typically 

provides little symptomatic relief and does not fundamentally alter the course of disease. 

Cool compresses and artificial tears may be helpful, and topical non-steroidal anti-

inflammatory agents (Gordon et al., 1998) may reduce discomfort. Sudden worsening in 

pain and light sensitivity after initial onset of EKC may be the result of a macro-epithelial 
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erosion. In addition, patients should be followed closely for the formation of conjunctival 

membranes. If present, conjunctival membranes should be gently removed and the eye 

treated with topical corticosteroids to minimize scar and symblepharon formation.

6.3. Antiviral Therapy

Decades of work have so far failed to identify an effective agent against adenoviral 

replication that is also well tolerated as an ocular topical preparation. Systemically 

administered nucleoside analogs, such as acyclovir, its prodrug valacyclovir, and 

famciclovir, require the intrinsic viral thymidine kinase activity of herpes viruses to be 

activated (Whitley and Gnann, 1992) and therefore lack activity against adenovirus. 

However, another nucleoside analog, ganciclovir, has shown variable activity against 

adenovirus in both cell culture and in animal models (Ibrisimovic et al., 2012; Tollefson et 

al., 2014; Trousdale et al., 1994; Ying et al., 2014). The putative mechanism of action of 

ganciclovir against adenovirus involves inhibition of the viral DNA polymerase (Ying et al., 

2014). In a retrospective case series of patients with systemic adenovirus infection after 

hematopoietic stem cell transplantation, the use of intravenous ganciclovir was reported to 

be associated with improved survival (Bruno et al., 2003). However, commercially available 

topical ganciclovir 0.15% gel did not improve outcomes in acute EKC in a clinical trial 

(Yabiku et al., 2011).

In the early 2000s, there was considerable interest in the antiviral cidofovir, a 

monophosphate nucleotide analogue that, after undergoing cellular phosphorylation, 

competitively inhibits incorporation of deoxycytidine triphosphate into viral DNA by viral 

DNA polymerase, and is therefore a broad spectrum inhibitor of viral DNA synthesis for all 

DNA viruses (DeClercq, 1996; Lea and Bryson, 1996). Cidofovir showed activity in animal 

models of HAdV-C5 ocular infection (de Oliveira et al., 1996; Kaneko et al., 2004), but 

unfortunately had a narrow therapeutic window. Ocular topical use of cidofovir 1% for acute 

EKC was toxic in humans (Hillenkamp et al., 2002), and the drug caused punctal stenosis 

when applied to the ocular surface of rabbits (Gordon et al., 1994) and in one human case 

report when used for squamous neoplasia (Sherman et al., 2002). Initial enthusiasm for 

cidofovir was also dampened by two small randomized controlled trials which showed that it 

was likely inefficacious when administered in low concentrations (0.2% four times daily), 

and too toxic to administer at concentrations likely required to prevent SEIs (1% four to ten 

times daily) (Hillenkamp et al., 2001, 2002). The recent development of the lipid derivative 

pro-drug of cidofovir, brincidofovir, which is now currently in clinical trials for patients with 

post-transplant adenoviremia (Hiwarkar et al., 2017) may prompt future studies for potential 

ocular use. We are also awaiting the publication of results from a randomized phase IIa 

proof-of-concept trial involving the antiviral agent APD-209, a trisialic acid-containing 

formulation, in patients with adenoviral EKC (ClinicalTrials.gov Identifier: NCT01977443).

6.4. Topical Immunosuppression and Immunomodulation

Topical corticosteroids are frequently used in EKC, and have been shown to significantly 

improve the acute signs and symptoms of infection (Wilkins et al., 2011). However, data 

from experimental infection of rabbits with HAdV-C5 have suggested that use of 

corticosteroids in the acute phase of ocular adenovirus infection may increase viral shedding 
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(Romanowski et al., 1996; Romanowski et al., 2001, 2002) and reduce the effect of antiviral 

agents (Romanowski et al., 1997). Limited studies in human patients have shown a reduction 

in SEI formation when topical corticosteroids were used in the acute phase of EKC (Freyler 

and Sehorst, 1976; Kocluk et al., 2017; Laibson et al., 1970; Trauzettel-Klosinski et al., 

1980). Some of the same studies also reported that SEIs appeared (or re-appeared) when 

topical corticosteroids were stopped, suggesting that corneal inflammation was delayed but 

not eliminated by corticosteroid therapy. In our experience, corticosteroids are best reserved 

in the acute setting for instances of conjunctival membranes and/or significant epithelial 

keratitis. In the chronic phase, corticosteroids are effective in the treatment of visually 

symptomatic SEIs, but have well known side effects.

Non-steroidal anti-inflammatory agents have not been shown to be useful in the prevention 

(Gordon et al., 1998) or treatment (J. Chodosh, personal observation) of EKC-associated 

SEI. The search for alternative steroid-sparing, immunomodulatory agents for EKC has led 

to investigations of other agents, in particular the calcineurin inhibitors, cyclosporin A and 

tacrolimus. Calcineurin is a protein phosphatase that activates T lymphocyte responses to 

cellular injury and infection (Shibasaki et al., 2002). Cyclosporin A and tacrolimus potently 

inhibit T cell activation, and both have shown promise with acceptably low toxicity in small 

studies of acute (Asena et al., 2017) and chronic EKC (Berisa Prado et al., 2017; Ghanem et 

al., 2014; Levinger et al., 2010; Levinger et al., 2014) albeit with varying drug 

concentrations and dosing. However, the current data on cyclosporin A is mixed. In one 

small randomized trial for acute EKC, a 1% preparation reduced subjective symptoms but as 

compared to placebo did not otherwise alter the course of the infection (Hillenkamp et al., 

2001). A later, similarly small randomized trial by the same group demonstrated that when 

given in addition to cidofovir 1%, cyclosporin A was effective in significantly reducing 

corneal opacities compared to placebo, though severe ocular sutface toxicity was noted and 

attributed to the cidofovir (Hillenkamp et al., 2002). Indeed, in a rabbit model of ocular 

adenovirus infection, topical cyclosporine A decreased SEI formation, but led to increased 

adenoviral replication early in the disease course (Romanowski et al., 2005). For this reason, 

cyclosporin A use can be recommended only as a steroid-sparing agent for mild recurrences 

of symptomatic SEI, and to permit tapering of topical corticosteroids in patients with their 

SEIs suppressed (Jeng and Holsclaw, 2011; Maychuk et al., 2015). The data supporting use 

oftacrolimus for symptomatic SEIs is stronger. In one study, tacrolimus 0.03% significantly 

reduced SEIs compared to their degree prior to treatment (Ghanem et al., 2014). Clearly, 

larger randomized controlled trials are required to further study these agents in EKC, 

perhaps best suited to patients with recalcitrant SEIs who stand to benefit the most from 

immunomodulatory therapy.

6.5. Povidone-Iodine Alone or in Combination with Corticosteroid Therapy

Povidone-iodine, a widely used topical antiseptic, inactivates adenoviruses to varying 

degrees depending on type (Akanuma, 2007; Kawana et al., 1997; Monnerat et al., 2006; 

Sauerbrei et al., 2004). It has been used successfully as single administration therapy for 

HAdV conjunctivitis in infants (Ozen Tunay et al., 2015) and thrice daily for two weeks for 

HAdV conjunctivitis in adults (Yazar et al., 2016). However, burning, stinging, and irritation 

(chemical conjunctivitis) can occur with even one administration. A combination of 
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povidone-iodine and dexamethasone has shown more promise in the treatment of acute 

adenoviral conjunctivitis (Kovalyuk et al., 2017; Pelletier et al., 2009), with the results of 

ongoing phase 3 studies (NCT02998541 and NCT02998554) expected in the coming years. 

A recent randomized, controlled, multicenter phase 2 study (NCT01470664) consisting of 

144 RPS AdenoPlus positive patients showed that patients treated with a suspension 

containing both povidone iodine 0.6% and dexamethasone 0.1% four times daily for 5 days 

had significantly faster resolution of clinical signs and a more rapid reduction in viral 

replication than those treated with vehicle (Pepose et al., 2018). It should be noted, however, 

that the follow-up period for the referenced studies was relatively short (1–2 weeks), and the 

long-term effect on delayed onset SEIs remains to be determined.

7. FUTURE DIRECTIONS

The first step toward the development of a medical therapy for any illness is a frank 

assessment of the current state of knowledge about the disorder. EKC represents a common 

malady and the absence of proven effectiveness for existing treatments characterizes an 

important unmet need. While cases of viral “pink eye” are seen regularly by eye care 

providers world-wide, it is humbling how much of the biology and corneal pathogenesis of 

HAdV remain a mystery, and also disconcerting that there are other, as yet unknown causes 

(Lee et al., 2018). Furthermore, the history of scholarly works on EKC illustrates how 

unchallenged scientific dogma can inhibit progress in our understanding and the 

development of treatments for any disease. As recent work has illustrated, the cornea is quite 

capable of generating inflammation when injured or infected, and is neither inert nor a 

passive actor in corneal inflammation. The experimental data we have presented here, 

including the development of the C57Bl/6j mouse model of adenoviral keratitis, has 

provided insights that may not have been available in decades past. As the number of 

adenoviral types continues to increase, so too does the possibility that some will display 

ocular surface tropism and therefore be important future causes of disease. Furthermore, the 

rapidly expanding database of whole adenovirus genomes offers hope that mining of 

genomic data will reveal new insights into ocular tropism (Ismail et al., 2016; Ismail et al., 

2018b) and virulence. Future studies on HAdV genomics and pathogenesis, and improved 

understanding of corneal immunobiology may yet yield new information-based therapies 

against this common and historically important infection.
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LIST OF ABBREVIATIONS

CAR coxsackie-adenovirus receptor

CCL2 C-C motif chemokine ligand 2 (also monocyte chemoattractant protein 1)
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CXCL1 chemokine ligand 1

CXCL2 chemokine ligand 2

CXCL8 chemokine ligand 8

EKC epidemic keratoconjunctivitis

ERK extracellular signal-regulated kinases

FDA Food and Drug Administration

HAdV human adenovirus

HAdV-D human adenovirus species D

HLA-E human leukocyte antigen-E

HSV herpes simplex virus

IL-l interleukin-1

IL-6 interleukin-6

IL-8 interleukin-8

IFN-α interferon-α

IFN-β interferon-β

IFN-γ interferon-γ

JNK c-Jun N-terminal kinase pathway

MAMs membrane-associated mucins

MCP-1 monocyte chemoattractant protein 1 (also C-C motif chemokine 

ligand 2)

MHC major histocompatibility complex

MyD88 myeloid differentiation primary response 88

NFκB nuclear factor kappa-light-chain-enhancer of activated B cells

NK natural killer lymphocytes

PCR polymerase chain reaction

PI3K phosphoinositide 3-kinase

RGD tripeptide consisting of arginine, glycine, and aspartate

Src proto-oncogene tyrosine-protein kinase Src

SEIs subepithelial infiltrates
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TLR toll-like receptor

TNF-α tumor necrosis factor-α

TTV torque teno virus

VAMP virus-associated molecular pattern

VZV varicella zoster virus

WGS whole genome sequencing
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ARTICLE HIGHLIGHTS

• Epidemic keratoconjunctivitis (EKC) is a severe ocular surface infection.

• EKC causes conjunctivitis of varying severity, but its hallmark is relapsing 

and remitting corneal inflammation.

• Human adenoviruses, particularly species D, are the main pathogens.

• Models of adenovirus keratitis suggest corneal cells play a key role in the host 

inflammatory response.

• To date, only topical corticosteroids and tacrolimus appear to alter the course 

of chronic keratitis following EKC.
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Fig. 1. 
Ultrastructure and cross-sectional view of human adenovirus. (A) Schematic diagram of the 

icosahedral ultrastructure of HAdV, composed of20 triangular faces, 240 hexon trimers and 

12 vertices. (B) Cross-sectional view through HAdV. (C) Corresponding table of important 

viral proteins. The HAdV capsid consists of major capsid proteins (hexon, penton, fiber 

knob and shaft) and minor capsid proteins (Ilia, VI, VIII, and IX). Capsid proteins 

encapsulate an assortment of core proteins, which include terminal DNA proteins, IVa2, Mu, 

V, VII and core proteases. The function and location of HAdV core proteins in particular 

remain a matter of speculation.
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Fig. 2. 
Overview of HAdV species, types, and associated clinical syndromes. As of the writing of 

this review, there are seven known species of HAdV (A-G) and 103 genotypes, the latter 

characterized as unique types either by the presence of novel coding sequences for at least 

one major capsid protein (penton, hexon, and fiber protein), or by a unique homologous 

recombination of the major capsid genes. The clinical manifestations of HAdV infection, 

with a focus on human adenoviral conjunctivitis, are also shown. Note types 91–103 were 

only recently published, characterized as type D adenoviruses. The sources of these HAdVs 

are unknown (Ismail et al., 2018a), and their disease associations have yet to be described.
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Fig. 3. 
Phylogenetic analysis of HAdV species and types. A phylogenetic tree of HAdV diversity 

performed for the first 60 types shows the proportional difference between genornes 

(Robinson et al., 2013a), reprinted with permission. There are now 103 HAdV types in 

GenBank.
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Fig. 4. 
Clinical manifestations of EKC. (A) Geographic epithelial keratitis manifesting as a large 

epithelial defect. (B) Fulminant membranous conjunctivitis with early symblepharon 

formation. (C) Slit lamp biomicroscopy of corneal SEIs seen in EKC. These are usually 

<0.5mm and relatively uniform, which may distinguish them from subepithelial keratitis 

seen in HSV and VZV keratitis in which SEIs tend to be larger and more varied in diameter.
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Fig. 5. 
Modeling formation of subepithelial infiltrates using the “human corneal facsimile”. (A) The 

3-dimensional “corneal facsimile” consists of ① an overlying epithelial basement 

membrane mimic, Matrigel®, which contains the important molecule heparan sulfate;② 
primary human keratocytes distributed within a type I collagen matrix, and underlying 

porous supporting membrane. To model adenovirus keratitis, corneal keratocytes are 

infected with HAdV-D37 overnight, followed by the placement of human peripheral blood 

leukocytes in the media beneath the test tube insert, as seen in ③. (B) Remarkably, CD45+ 

leukocytes migrate against gravity through the matrix to fonn sub-basement membrane foci, 

similar to those seen in EKC. Localized chemotaxis to the sub-basement membrane is 

thought to occur due to co-localization of CXCL8 and heparan sulfate.
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Fig. 6. 
Confocal microscopy and histopathology of subepithelial infiltrate formation. (A) Confocal 

microscopy images of in vitro “corneal facsimiles”, with mock (M, top row) and HAdV-

D37-infected facsimiles (V, bottom row), reproduced with permission (Rajaiya et al., 2015). 

Abundant CXCLS staining in virus-infected facsimiles, with CXCLS and heparan sulfate 

co-localization to the sub-basement membrane, are seen in the first and third columns, 

respectively. Staining with 4’, 6-diamidino-2-phenylindole (DAPI), as shown in the fourth 

column, demonstrated local infiltration of neutrophils to the sub-basement membrane area 

(white arrow). (B) Hematoxylin and eosin-stained histopathology of mock and infected 

facsimiles, showing a collection of neutrophils (black arrow) in the sub-basement membrane 

region only after virus infection.
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Fig. 7. 
Transmission electron microscopy of early changes in the C57Bl/6j mouse cornea following 

intra-stromal injection with 1μL (105 tissue culture infectious doses) of HAdV-D37, 

reprinted with author permission (Mukherjee et al., 2015). Photomicrographs of stromal 

cells were taken (A) immediately, (B) 30 minutes, (C) 1 hour, and (D) 2 hours following 

infection. Cy – cytoplasm; Nu – nucleus; M – pericellular matrix. Depending on 

magnification, viral particles appear either as electron dense black dots. At 1 hour (C), the 

initial stages of viral entry is mediated by caevolae-dependent endocytosis (arrowhead), 

while cellular ruffling is seen in response to congregations of multiple viral particles 

(arrow). Within 2 hours (D), viral internalization within the stromal cell has occurred. Single 

viruses are internalized via endosomes (top arrowhead), while multiple viruses can be 

internalized via macropinosomes (bottom arrow). Magnification: (A) and (B) ×3400; (C) 

×34000; and insets (A) and (B), and (D) ×19000. Scale bars: 2μm in (A) and (B), and 0.5μm 

in insets (A) and (B), and (C) and (D). The Association for Research in Vision and 

Ophthalmology retains copyright of this image.
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Fig. 8. 
Transmission electron microscopy of later changes in the C57Bl/6j mouse cornea following 

intra-stromal injection of 1μL (105 tissue cultme infectious doses) of HAdV-D37, reprinted 

with author permission (Mukherjee et al., 2015). Photomicrographs at a magnification of × 

3400 were taken at (A-C) 24 homs, (D) 48 homs and (E) 96 hours following infection. Ep – 

epithelium; N – neutrophil (polymorphonuclear cell); and K – keratocyte. The inflammatory 

response following infection is neutrophil-predominant, as shown by (A) stromal infiltration; 

(B) the beginning of phagocytosis; and (C) eventual phagocytosis. (D) shows whole viral 

particles (arrows) within stromal cells which now exist amidst aggregations of dense cellular 

debris. Such debris continues to accumulate and becomes increasingly evident at later time 

points (E). Scale bars: 2μm. The Association for Research in Vision and Ophthalmology 

retains copyright of this Image.
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Fig. 9. 
Adenoviral gene expression is not an absolute requirement for adenoviral keratitis. 

Molecular, cytological, macroscopic and histological evidence that adenoviral gene 

expression is not essential for the pathogenesis of keratitis, reprinted with author permission 

(Chintakuntlawar et al., 2010). In this experiment, mock (M), intact (V), UV-inactivated 

(UV), and heat-inactivated (H) HAdV-D37 was used to infect A549 cells in vitro and 

C57Bl/6j mouse corneas in vivo to determine if viral gene expression and replication were 

necessary to induce keratitis. (A) Relative expression of viral transcript ElAlOS in A549 

cells, four hours following infection with HAdV-D37, as determined by real-time PCR. 

Intact virus (V) induced robust ElAlOS expression while mock (M), UV-inactivated (UV) 

and heat-inactivated (H) virus ElA expression was not detected. (B) To determine if 

inactivated virus could be internalized, in vivo confocal microscopy of C57Bl/6j mouse 

corneal stromal cells was performed 90 minutes following infection with Cy3-marked intact 

(V), UV-inactivated (UV), and heat-inactivated (H) virus. Intact (V) and UV-inactivated 

(UV) virus gained entry into cells, while heat-inactivated (H) virus did not. Cy3-labeled 

virus is shown in red; intracellular actin (phalloidin stain) in green; and nuclei (TO-PR03 

stain) in blue. Scale: 20μm. (C) Photographs of C57Bl/6j mouse corneas post-infection. 

Within 24 hours, corneal opacification was demonstrated in mice infected with intact (V) 

and UV-inactivated (UV) virus. Infection with mock (M) and heat-inactivated (H) virus did 
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not result in opacification. (D) Histopathology of representative mice corneas using 

hematoxylin and eosin, taken four days post-infection. Localized inflammation and stromal 

edema were observed in corneas infected with intact (V) and UV-inactivated (UV) virus. 

Negligible leukocyte infiltration was observed in corneas infected with a control buffer (M) 

or heat-inactivated (H) virus.
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Fig. 10. 
Synthesis of corneal stromal inflammatory responses to HAdV infection. This flowchart 

synthesizes our current understanding of the events which follow HAdV binding to corneal 

cells, with emphasis on the induction of pro-inflammatory pathways. In EKC-causing 

HAdV-D, a secondary interaction between HAdV RGD motifs and cellular integrins activate 

the Src-mediated signalosome, which is essential in viral internalization, prolongation of cell 

viability and therefore viral replication, and upregulation of inflammatory cytokine gene 

expression. The role of the humoral immune system in corneal pathogenesis is likely minor, 

but has not been investigated.
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