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SUMMARY

Respiratory viruses (including adenovirus, influenza virus, re-
spiratory syncytial virus, coronavirus, and rhinovirus) cause a
broad spectrum of disease in humans, ranging from mild in-
fluenza-like symptoms to acute respiratory failure. While spe-
cies D adenoviruses and subtype H7 influenza viruses are
known to possess an ocular tropism, documented human ocu-
lar disease has been reported following infection with all prin-
cipal respiratory viruses. In this review, we describe the ana-
tomical proximity and cellular receptor distribution between
ocular and respiratory tissues. All major respiratory viruses and
their association with human ocular disease are discussed. Re-
search utilizing in vitro and in vivo models to study the ability of
respiratory viruses to use the eye as a portal of entry as well as a
primary site of virus replication is highlighted. Identification of
shared receptor-binding preferences, host responses, and lab-
oratory modeling protocols among these viruses provides a
needed bridge between clinical and laboratory studies of virus
tropism.

INTRODUCTION

Respiratory viral infections represent the most common
cause of acute illness and physician visits in the United

States, with disease ranging from mild influenza-like symp-
toms to life-threatening pneumonia (1). Shared features be-
tween the principal viruses associated with human respiratory
disease include high transmissibility, global distribution, mu-
cosal sites of infection, and several overlapping symptoms.
While human infection with respiratory viruses generally
causes an acute but transient and resolving upper respiratory
tract illness, progression to lower respiratory disease is possi-
ble, especially among individuals with compromised immune
systems or other comorbidities. Respiratory viruses are typi-
cally spread by inhalation of virus-containing aerosols expelled

by infected individuals or by direct or indirect contact with
virus-contaminated fomites on environmental surfaces (1, 2).
However, the epithelia of the human eye represent an addi-
tional mucosal surface which is similarly exposed to infectious
aerosols and contaminated fomites (3, 4). Viruses which are
generally considered respiratory pathogens are nonetheless ca-
pable of causing ocular complications in infected individuals
and establishing a respiratory infection following ocular expo-
sure (Table 1). It is important to keep in mind that our use of
“respiratory viruses” in this review encompasses a diverse
range of pathogens, of which ocular disease is but one of many
potential complications.

Despite the anatomical proximity between ocular and respira-
tory tissues and documented reports of ocular disease following
infection with most known respiratory viruses in humans, studies
of respiratory pathogens and their role in ocular disease have been
underrepresented in the literature. Our knowledge is incomplete
regarding the properties which confer an ocular tropism to par-
ticular respiratory viruses or virus subsets and the mechanisms
which allow ocular exposure to viral pathogens to cause a respira-
tory infection. To appropriately control and treat disease present-
ing with ocular complications, a more rigorous understanding of
the relationship between the development of ocular symptoms
and respiratory disease is critical. In the sections below, we present
a summation of ocular findings following respiratory virus infec-
tion in humans and the current innovations in laboratory model-
ing which will allow for a greater analysis of the properties which
govern virus tropism.

Address correspondence to Jessica A. Belser, jbelser@cdc.gov.

Copyright © 2013, American Society for Microbiology. All Rights Reserved.

doi:10.1128/MMBR.00058-12

144 mmbr.asm.org Microbiology and Molecular Biology Reviews p. 144–156 March 2013 Volume 77 Number 1

http://dx.doi.org/10.1128/MMBR.00058-12
http://mmbr.asm.org


ANATOMICAL AND HOST RECEPTOR LINKS BETWEEN
OCULAR AND RESPIRATORY SYSTEMS

There are several properties which permit the eye to serve as both
a potential site of virus replication as well as a gateway for transfer
of virus to extraocular sites to establish a respiratory infection.
This is achieved primarily by the nasolacrimal system, which pro-
vides an anatomical bridge between ocular and respiratory tissues
(Fig. 1) (4, 25). The lacrimal duct collects tear fluid from the oc-
ular surface and transports it to the inferior meatus of the nose,
facilitating the drainage of virus from ocular to respiratory tract
tissues in a replication-independent manner, thus serving as a
conduit for virus-containing fluid exchange between these sites (3,
26–28). When placed on the eye, fluid can be taken up by the
conjunctiva, sclera, or cornea, but the majority of liquid is drained
into the nasopharyngeal space or swallowed; absorption of tear
fluid through the epithelial lining of the lacrimal duct is also pos-
sible (29). This allows drainage of immunizing agents to nasal
tissue following topical ocular administration as well as the spread
of intranasally administered solutions to the conjunctival mucosal
surface (28, 30). The lining of nasolacrimal duct epithelial cells
with microvilli additionally permits both secretion and reabsorp-
tion of tear fluid components (31). Linkage of the ocular mucosal
immune system (composed of the conjunctiva, cornea, lacrimal
glands, and lacrimal drainage system) with nasal cavity-associated
lymphoid tissue in the nasolacrimal ducts further supports the
immunological interdependence between ocular and respiratory
tract tissues (28). Despite the presence of antimicrobial peptides
present in tear film, numerous viral agents have been detected in
the tear fluid of symptomatic, chronic, and asymptomatic individ-
uals (4, 32–36), underscoring the potential for ocular involvement
following respiratory virus infection.

Beyond the anatomical linkage of ocular and respiratory tract
tissues, the structure and distribution of cellular receptors in these
systems likely contribute to the tissue tropism of respiratory vi-
ruses. Host epithelial cell glycoproteins bearing terminal sialic ac-
ids (SA) are distributed throughout the human respiratory tract
and ocular tissue (Fig. 1) (reviewed in reference 37) and serve as
the cellular receptor for several respiratory viruses. In humans,
�2-6-linked SA dominate in the nasal mucosa and trachea,
whereas �2-3-linked SA are found at greater abundance in lower

respiratory tract tissues and ocular tissue (37–39). Interestingly,
the epithelium of the human lacrimal sac and nasolacrimal duct,
which bridge ocular and respiratory tissues, express a diverse va-
riety of lectin-binding sites, including both types of SA; �2-6-
linked SA have been detected on both epithelial and goblet cells of
the lacrimal duct, and �2-3-linked SA are restricted to epithelial
cells (31). While the terminal SA linkage represents a critical de-
terminant of tissue tropism and host range for influenza viruses,
the composition of internal sugars of the glycan receptor can also
influence receptor specificity (40, 41).

The pattern of cellular receptor distribution in ocular and re-
spiratory tract tissues generally agrees with the tropism of numer-
ous respiratory viruses. Human influenza viruses prefer �2-6-
linked SA, and as such, their replication is typically restricted to
the upper respiratory tract, whereas avian influenza viruses pref-
erentially bind �2-3-linked SA and are capable of efficient repli-
cation in lower respiratory tract tissue, where these receptors are
most prevalent. The abundance of �2-3-linked SA on the corneal
and conjunctival epithelium may partially govern the tropism ob-
served with select influenza virus subtypes, although it has been
shown that both human and avian influenza viruses can bind to
human ocular tissue, demonstrating that receptor binding prefer-
ence is not the sole determinant of this property (3, 42). Similarly,
the tissue distribution of cellular receptors may partially govern
the tropism of adenoviruses (Ad). Generally, adenoviruses which
exhibit a respiratory tropism use CD46, desmoglein-2 (DSG-2),
or the coxsackievirus and adenovirus receptor (CAR) as a cellular
receptor (43–45), while adenovirus serotypes which exhibit an
ocular tropism use �2-3-linked SA and GD1a glycans present on
the human ocular surface as host cellular receptors (46, 47), al-
though the bread tissue distribution of these receptors indicates a
role for additional tropism determinants. Furthermore, the loca-
tion of angiotensin-converting enzyme 2 (ACE2), the cellular re-
ceptor for severe acute respiratory syndrome (SARS) coronavirus,
on cardiac and pulmonary tissue likely contributes to the severe
respiratory disease associated with this virus (48–50). The contin-
ued identification of the cellular receptors utilized by respiratory
viruses will allow for a greater understanding of the permissive-
ness of ocular tissue to infection with these agents (51). Collec-
tively, it appears that the presence of permissive receptors can

TABLE 1 Principal respiratory viruses known to cause ocular disease in humans

Virus Subtype(s)a Tropism in humans Ocular disease in humans Reference(s)

Adenovirus Species D Ocular Frequently associated with epidemic keratoconjunctivitis 5–7
Species B, C, E Respiratory Occasional simple acute follicular conjunctivitis or

pharyngeal conjunctival fever
1, 8

Influenza virus H7 Ocular Conjunctivitis 9, 10
H1, H3, H5 Respiratory Rare but documented ocular complications 1, 11, 12

Respiratory syncytial virus NA Respiratory Occasional reports of conjunctivitis concurrent with
respiratory illness

13–16

Coronavirus NL63 Respiratory Rare reports of conjunctivitis 17, 18
SARS Respiratory Not reported 19

Rhinovirus NA Respiratory Rare but documented ocular complications 20–22

Human metapneumovirus NA Respiratory Rare but documented ocular complications 23, 24
a NA, not applicable (indicates that there is no association with any given subtype/serotype with ocular complications in humans).
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contribute to the tropism of a virus to ocular tissue but does not
restrict respiratory viruses from using the eye as a portal of entry to
gain passage to extraocular tissues to establish a productive infec-
tion.

Despite the body of work that has been focused on an under-
standing of the distribution of viral receptors present on the ocu-
lar epithelium, further research is needed to better understand the
contribution of sialylated ocular mucins to host defense of these
pathogens (3). While there is great heterogeneity of mucins and
secretory peptides synthesized and secreted by discrete regions
and cell types within the human ocular surface and nasolacrimal
ducts (29), the potential contribution of this localized distribution
to viral infection is not well understood. The identification of
differences in the spatial arrangement of �2-3- and �2-6-linked
sialic acids on purified human ocular mucins highlights the po-
tential importance of receptor distribution in mucosal antimicro-
bial defense in this tissue (52). Examination of the structural to-
pology and length of surface glycans present on human ocular

tissue may also shed light on fine receptor differences present on
this surface which influence the tropism of select virus subtypes, as
was previously shown for respiratory tissues (40, 53). Due to the
potential of zoonotic spread of select respiratory viruses to hu-
mans, it is prudent to extend the study of these properties in rel-
evant nonhuman species (54).

OCULAR MODELS OF RESPIRATORY VIRUS INFECTION

While it is acknowledged that some respiratory viruses exhibit an
apparent ocular tropism, and uncommon but documented ocular
complications can occur following infection with respiratory-
tropic viruses (Table 1), it has only been with the use of experi-
mental in vitro and in vivo laboratory models that these anecdotal
observations have been confirmed. The development of continu-
ous ocular cell lines and the use of primary human ocular cell types
have provided researchers the opportunity not only to study the
permissiveness of discrete locations within the human eye to re-
spiratory virus infection (Fig. 2) but also to elucidate the role of

FIG 1 Distribution of sialic acids in human ocular and respiratory tract tissues. Major components of human ocular and respiratory tissues are depicted, with
the predominant �2-6- and/or �2-3-linked glycans expressed on epithelial cells identified where known (see references 37 and 3). While these sialic acids are
predominantly employed by adenovirus and influenza virus, additional cellular receptors and the viruses which utilize them are discussed in the text.
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host responses present in these sites following viral infection (55–
57). With their increased tissue complexity, human and mamma-
lian model ex vivo cultures have also furthered our understanding
of virus-host interactions (58–60). These studies have yielded cru-
cial information for the identification of prospective targets for
immunomodulatory agents to mitigate conjunctival symptoms
(61–63).

Unlike in vitro systems, in vivo mammalian models allow for
the coincident study of multiple anatomical locations following
viral infection, providing greater insight into the capacity for virus
to disseminate from the site of inoculation to systemic tissues.
Furthermore, mammalian models are ideally suited to study the
effect of concurrent viral infections, an important parameter to
understand, as the simultaneous presence of multiple respiratory
viral pathogens has been detected in patients with keratoconjunc-
tivitis (64, 65). While host restrictions limit the permissiveness of
some viruses to select species, these models have nonetheless pro-
vided valuable information (Table 2). Mouse models, used exten-
sively to study herpesvirus keratitis, have further been adapted to
study ocular complications from numerous viral respiratory dis-
eases (27, 66, 71, 80). The rabbit has long been used for the assess-
ment of eye irritation and has since been utilized to study ocular
disease following respiratory virus infection (65, 73, 81). The fer-
ret has been recognized as an appropriate experimental model for
studies involving the visual system and has been employed to
study ocular inoculation of respiratory viruses (26, 72, 82–84). As
described below, these and other species have provided a greater
understanding of how respiratory viruses cause ocular disease.

In the following sections, we discuss respiratory viruses which
have caused documented ocular disease in humans, both viruses

for which an ocular tropism has been accepted as well as those
viruses for which only sporadic and rare instances of conjunctivi-
tis or other ocular complications have occurred following virus
exposure. Laboratory studies which have studied the capacity of
these respiratory viruses to cause disease following ocular expo-
sure, employing both in vitro and in vivo models, are highlighted.
Despite the great diversity of respiratory viruses represented be-
low and the differing incidence of ocular disease inherent between
individual viruses, numerous shared properties of how these re-
spiratory pathogens interact with the eye become apparent.

HUMAN RESPIRATORY VIRUSES WITH DOCUMENTED
OCULAR COMPLICATIONS

Adenoviruses

Human adenoviruses, members of the family Adenoviridae, are
nonenveloped, double-stranded DNA viruses with over 50 known
serotypes divided into at least six subgroups (85, 86). Adenovi-
ruses are most commonly associated with respiratory illness in
humans, ranging from mild to acute respiratory disease, but are
capable of causing a diverse range of clinical symptoms depending
on the serotype, including gastroenteritis and ocular disease, with
or without respiratory involvement (6). Species A, B, C, E, and F
adenoviruses utilize CD46, DSG-2, or CAR as a cellular receptor
and generally cause respiratory disease in humans (with the ex-
ception of species F, which is associated with gastroenteritis),
while species D viruses bind to �2-3-linked SA and GD1a glycans
and exhibit an ocular tropism (46, 47, 87). Human disease with
species D adenoviruses, notably of serotypes 8, 19, and 37, has
frequently been associated with epidemic keratoconjunctivitis

FIG 2 Location of human ocular cell types permissive to respiratory virus infection. Cell types of the human eye previously shown to support viral replication
of adenovirus (75, 92, 93, 95), influenza virus (55, 58, 122), and respiratory syncytial virus (56, 131) are depicted.
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(EKC), a highly contagious and severe ocular disease, which can
progress to hemorrhagic conjunctivitis (5, 6). Adenovirus-caused
EKC spreads readily by direct or indirect contact, even from
asymptomatic patients, with a high potential for nosocomial
spread (88–91). However, ocular disease has been documented
following human infection with over half of all identified adeno-
virus serotypes, typically simple acute follicular conjunctivitis,
which is generally mild and limited to the conjunctiva, or pharyn-
geal conjunctival fever, which presents with both cold-like symp-
toms and conjunctivitis, although the development of severe oc-
ular disease with these serotypes is possible (8).

Much of our understanding of the ocular tropism of adenovi-
ruses has come from in vitro studies using human ocular cell types.
Multiple regions of the human eye are permissive to adenovirus
infection, including corneal and conjunctival epithelial cells and
corneal stromal fibroblasts (75, 92–95) (Fig. 2). Mirroring the
tropism observed in humans, Ad37 viruses bind to and infect hu-
man ocular cells more efficiently than respiratory cells, likely due
to the ability of EKC-causing species D serotypes to use specific
membrane protein receptors present on ocular but not respiratory
cell types (46, 47, 96). Beyond receptor restrictions, species D se-
rotypes have been shown to be more resistant to defensin-like
chemokines in human conjunctival cells than serotypes more fre-
quently associated with respiratory disease (93). Infection of hu-
man ocular cell types with species D viruses has further shed light
on the kinetics of cytokine induction and NF-�B activation, which
play a role in the inflammation present during adenoviral keratitis
(57, 95). Collectively, these and other studies have identified sev-
eral critical receptors and inflammatory mediators which contrib-
ute to the ocular tropism of adenoviruses and represent candidate
targets for future therapeutic development (97–100).

While the high degree of species specificity of adenoviruses has
posed a challenge for in vivo studies of these pathogens, the estab-
lishment of mammalian models has furthered our ability to study
adenovirus-induced ocular disease. Ocular inoculation of cotton
rats with Ad5 or Ad8 results in a course of disease generally similar
to that of human infection with these serotypes (78). Rabbits have
also been widely used as a model for adenovirus ocular study,
notably for species C viruses, with the duration and titer of virus
shedding from the eye being comparable to those of human infec-
tion (73–75). Mouse models of ocular Ad37 inoculation, while not
fully possessing all the hallmarks of human disease, nonetheless
recapitulate many ocular immunopathologic features present in
human Ad37 keratitis and have furthered our understanding of
immunological mediators via the use of knockout mice (66–68).
These small-mammal models have proven useful in the evaluation
of numerous potential antiviral and other therapeutic agents
against ocular adenovirus infection, which are especially needed as
there is currently only limited virus-specific therapy and no vac-
cine available for adenovirus-caused ocular disease (8, 63, 76, 77,
101).

Orthomyxoviruses

Influenza A viruses belong to the family Orthomyxoviridae and
possess 8 negative-sense RNA segments, which encode at least 13
known proteins (102). Serologically distinct virus subtypes are
formed by the presence of the viral surface glycoproteins hemag-
glutinin (HA) and neuraminidase (NA); 16 HA and 9 NA subtypes
have been identified in wild water birds, the natural host for all
influenza A viruses. Seasonal influenza viruses (subtypes H1 to
H3) cause a highly transmissible respiratory illness in humans,
resulting in �300,000 deaths worldwide each year (103). Avian

TABLE 2 Summary of experimental ocular inoculation of respiratory viruses in mammalian modelsa

Species Virus Inoculation route Virus detection p.i. Clinical sign(s) p.i. Reference(s)

Mouse Adenovirus (species D) Intrastromal inoculation Low titer in eye Stromal opacification
and inflammation

66–68

Influenza virus (H7) Dropwise onto corneal surface with
or without scarification

Predominantly eye, lower titer
in nose and lung

Comparable to intranasal
inoculationb

58

Influenza virus (H5N1,
H1N1)

Dropwise onto corneal surface with
or without scarification

Predominantly nose and lung
or not at all

Comparable to intranasal
inoculation

58, 69–71

RSV Dropwise onto corneal surface
following scarification

Eye and lung Comparable to intranasal
inoculation

27

Ferret Influenza virus (H7) Dropwise onto corneal surface Ocular, respiratory, intestinal
tract tissue

Comparable to intranasal
inoculation, ocular
signs rarely reported

26, 72

Influenza virus (H5N1) Dropwise onto corneal surface Ocular, respiratory, intestinal
tract tissue

Comparable to intranasal
inoculation

26

Influenza virus (H1N1,
H3N2)

Dropwise onto corneal surface Ocular, respiratory, intestinal
tract tissue

Comparable to intranasal
inoculation

26

Rabbit Adenovirus (species C) Intrastromal inoculation followed
by scarification and topical
administration

Ocular Subepithelial corneal
infiltrates similar to
EKC in humans

73–75

Cotton rat Adenovirus (species C
and D)

Intrastromal inoculation followed
by scarification and topical
administration

Ocular Subepithelial corneal
infiltrates similar to
EKC in humans

76–78

a p.i., postinoculation.
b Clinical signs of influenza A virus subtypes following intranasal inoculation are reviewed in reference 79. Generally, ocular inoculation with influenza virus and RSV results in a 1-
to 3-day delay in onset of clinical signs compared with intranasal inoculation.
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influenza viruses of the H5, H7, and H9 subtypes have additionally
caused human infection in recent years, with highly pathogenic
H5 viruses frequently associated with severe disease and death
(11). The great majority of human infections with avian and hu-
man influenza A viruses result in respiratory disease, but addi-
tional symptoms (including ocular and gastrointestinal complica-
tions) have been documented (104). Notably, �80% of all human
infections with subtype H7 viruses have presented with conjunc-
tivitis (9, 10). Documented cases of conjunctivitis following H7
virus infection in both Europe and North America have occurred
by numerous exposure routes, including close direct physical con-
tact with infected poultry, possible eye abrasions with contami-
nated material, ocular exposure to splashed liquid containing vi-
rus, and exposure of the face and eye to aerosolized virus following
sneezing of an infected animal (9). Select H7 viruses have been
associated with concurrent ocular and respiratory disease in hu-
mans (105); interestingly, many H7 influenza viruses have been
found to be partially adapted to recognize �2-6-linked sialic acids,
the receptor preferred by human influenza viruses and present in
human upper respiratory tract tissues (106–109). Several cases of
H7 virus infection in humans resulting in respiratory illness in the
absence of ocular complications further underscore the spectrum
of disease possible with viruses within this subtype (10, 110, 111).

While infrequent, ocular complications have been documented
following human infection with influenza virus subtypes that are
more commonly associated with respiratory illness. Concomitant
conjunctivitis and respiratory disease have been reported among
individuals infected with or exposed to H5N1 viruses (11, 112–
114), and seasonal and 2009 H1N1 influenza viruses have also
sporadically caused ocular complications following human infec-
tion (12, 104, 115, 116). The occurrence of rare adverse events
following seasonal influenza virus vaccination, including the on-
set of oculorespiratory syndrome and the rejection of corneal
transplants in vaccine recipients, underscores the importance of
studying the ocular environment in the framework of influenza
virus infection and vaccination (117–120). In this context, a re-
cent study demonstrated transocular spread of aerosolized live
attenuated influenza virus vaccine (LAIV) to nasopharynx tissue
in experimentally exposed individuals (121). These reports illus-
trate the ability of a diverse range of influenza A viruses to use the
eye as a portal of entry in the absence of a recognized tropism for
this tissue.

Several in vitro and ex vivo studies have been conducted to ex-
amine the permissiveness of ocular cell types to influenza virus
infection and to identify those properties which confer the ocular
tropism demonstrated for the H7 virus subtype. Human corneal
and conjunctival epithelial cells support the productive replica-
tion of select influenza viruses, as do retinal pigment epithelial
cells and trabecular meshwork cells located in the interior of the
eye (55, 59, 122). Generally, avian H5 and H7 influenza viruses
replicate more efficiently and to higher titers in these cells than
human and swine influenza viruses (55, 123). Differential patterns
of cytokine production and NF-�B signaling following H7N7 vi-
rus infection in human corneal and lung epithelial cells suggest
that tissue-specific host responses may contribute to the ocular
tropism observed with this virus subtype (55).

To assess the ability of influenza viruses to replicate in ocular
tissue as well as spread to the respiratory tract following ocular
exposure, we and others have established mammalian models to
study the pathogenesis of influenza virus following ocular inocu-

lation (Table 2). Ocular inoculation of mice with influenza A vi-
ruses generally mirrors the ocular tropism observed in humans:
H7 influenza viruses replicate more frequently and to higher titers
in the eye, whereas H5N1, seasonal, and 2009 H1N1 influenza
viruses are detected at a lower frequency in respiratory and not
ocular tissues or are unable to use this route to establish infection
(58, 69–71, 124). In contrast, ferrets mount a productive respira-
tory virus infection following ocular inoculation with both avian
and human influenza viruses (26, 72). While macroscopic ocular
signs are generally not common following influenza virus inocu-
lation by the intranasal route in laboratory species, conjunctivitis
has been reported following experimental inoculation of dogs and
mice with H5N1 virus and of ferrets with H7N3 virus (72, 125).
Concurrent ocular and respiratory disease has been documented
for a diverse range of species infected with influenza virus subtypes
not associated with human disease (126–128), underscoring a
need to monitor the incidence of ocular symptoms during viral
surveillance. While future studies are needed to identify the par-
ticular molecular determinants that confer the ocular tropism ob-
served for viruses within the H7 subtype, these reports demon-
strate that the eye and surrounding conjunctiva represent a
permissive port of entry for all influenza virus subtypes.

Paramyxoviruses

Respiratory syncytial virus. Respiratory syncytial virus (RSV) is a
nonsegmented negative-strand RNA virus of the family
Paramyxoviridae. This highly transmissible respiratory pathogen
can infect cells of the upper and lower respiratory tract and is a
major cause of pediatric respiratory disease worldwide, resulting
in up to 100,000 hospitalizations of infants and children annually
(103, 129). Infection can occur following respiratory or ocular
exposure, likely following direct contact with infectious secretions
or self-inoculation (16). Febrile upper respiratory tract illness is a
primary clinical feature, with acute lower respiratory tract infec-
tion being present disproportionally in infants and young chil-
dren (129). While not a routine clinical feature, conjunctivitis is
not infrequently reported in concert with RSV infection, and RSV
has been isolated from clinical samples (superficial cells and tears)
with allergic conjunctivitis (13, 14). The reduction of nosocomial
spread of RSV following the use of eye protection further demon-
strates that ocular tissue is a portal of entry for RSV (15).

In vitro and in vivo studies have advanced our understanding of
the role of RSV in ocular disease. Human corneal and conjunctival
epithelial cells are permissive to RSV infection, and RSV infection
of ocular epithelial cells results in the production of numerous
cytokines and chemokines involved in ocular inflammation, no-
tably the activation of NF-�B signaling (56, 130, 131). The estab-
lishment of a murine model of ocular RSV inoculation demon-
strated experimentally the ability of this virus to both use the eye as
a gateway to mount a respiratory infection as well as replicate
specifically in ocular tissue (27, 56). Bovine and sheep isolates of
RSV have caused conjunctivitis with mild respiratory disease in
lambs and cattle (132–135), highlighting the ability of this virus to
cause ocular complications in nonhuman species. Several poten-
tial approaches to mitigate ocular inflammation following RSV
infection are under investigation, including anticytokine treat-
ments and the use of protein inhibitors (27, 136, 137). Consider-
ing the high burden of disease associated with this virus in hu-
mans, even a low level of documented ocular disease following
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RSV infection indicates a public health need to better understand
this property.

Other paramyxoviruses. Human metapneumovirus (hMPV)
was first discovered in 2001 and is second only to RSV as the
causative agent of acute pediatric respiratory disease (138, 139).
Clinical manifestations of hMPV disease typically range from mild
respiratory disease to pneumonia. Similar to human infection
with RSV, conjunctivitis has been reported infrequently in pa-
tients with hMPV, often in combination with otitis (23, 24). Sev-
eral mammalian models have been established to study hMPV
respiratory disease, but none have reported ocular signs following
infection with this virus (reviewed in reference 140). In contrast to
rare reports of ocular disease following hMPV infection in hu-
mans, avian pneumoviruses frequently cause both respiratory and
ocular disease in turkeys (141, 142). Further study is needed to
better understand the potential of hMPV to cause ocular disease
or use the eye as a portal of entry to establish a respiratory infec-
tion.

Measles virus causes a febrile rash illness that is accompanied
by cough, coryza, and conjunctivitis (143). Although measles
causes a systemic infection, it is spread by the respiratory route,
with the initial infection targeting lymphoid cells present in the
lung (144). In many countries, measles is effectively controlled by
vaccination programs. However, measles remains a major public
health problem in developing countries, where it is responsible for
approximately 139,000 deaths annually (145). Corneal ulcer-
ations often follow measles infections in malnourished children,
and measles blindness is the single leading cause of blindness
among children in low-income countries; accordingly, measles
virus can be detected in ocular tissue (146–155). It is worth noting
that measles-rubella vaccine is now used worldwide, so the same
vaccine used to protect children from measles also protects from
rubella infection. Rubella virus, a member of the family Togavirus,
causes a relatively mild disease in children and adults, but if a
woman is infected during pregnancy, the child is often born with
congenital rubella syndrome, which can lead to deafness, heart
disease, and cataracts (156–158). Therefore, measles-rubella vac-
cine can prevent two significant causes of blindness or visual im-
pairment in developing countries. Demonstrating experimentally
the ability of these viruses to cause ocular complications, measles
retinopathy and keratitis have been observed in the hamster
model, and rubella virus has been found to replicate in both in
vitro and in vivo ocular models (159–163).

Coronaviruses

Human coronaviruses (HCoV) are enveloped, single-stranded
RNA viruses, which (with the exception of severe acute respiratory
syndrome [SARS]) generally cause mild upper respiratory tract
infections in humans (164). Among coronaviruses which have
circulated in the human population, two were identified in the
1960s (HCoV-229E and HCoV-OC43), and two others (HCoV-
HKU1 and HCoV-NL63) were identified recently (18, 164, 165).
HCoV isolates are highly transmissible and are a frequent cause of
common colds in all age groups (1). Similar to other human re-
spiratory coronaviruses, HCoV-NL63 typically causes both upper
and lower respiratory tract infections, notably in young children
and immunocompromised adults, but conjunctivitis has been
reported in select cases (17, 18, 166, 167). An association be-
tween HCoV-NL63 infection and Kawasaki disease (a systemic
vasculitis of childhood for which presentation with bilateral

conjunctivitis is one criterion for diagnosis) has been reported;
however, a definitive link of HCoV-NL63 as the etiologic agent
of this disease has not been established (166, 168). It is there-
fore unclear if the presentation of conjunctivitis in HCoV-
NL63-infected patients is attributed to the coronavirus itself or
rather represents a manifestation of disease caused by an unre-
lated pathogen or disease.

In contrast to other human coronaviruses, SARS-associated
coronavirus, first identified in 2003, is a viral pneumonia capable
of rapid progression to severe disease and death (19, 169). The
virus is transmitted primarily via direct or indirect contact with
mucous membranes of the eyes, nose, or mouth (19). Eye or mu-
cous membrane exposure to body fluids and a lack of wearing eye
protection were both associated with an increased risk of SARS
coronavirus transmission from infected patients to health care
workers during the 2003 Toronto SARS outbreak (170), demon-
strating the potential for virus transmission following exposure of
unprotected eyes to this respiratory pathogen. While ocular symp-
toms have not been reported following virus infection, SARS
coronavirus was detected by reverse transcription (RT)-PCR in
tear samples from three probable cases, using conjunctival swabs
collected during the early phase (within 9 days) of symptom onset
(171). However, several other studies could not detect SARS coro-
navirus in tears and conjunctival scraping samples collected from
confirmed SARS patients, and eyes of confirmed patients with
SARS coronavirus did not demonstrate ocular manifestations of
disease following ophthalmic examination (172, 173); further
study is required to determine if this discrepancy is attributable to
false-negative results or the timing of sample collection (174).
Despite inconclusive evidence of SARS coronavirus replication in
ocular samples, these studies nonetheless underscore the eye as a
potential portal of entry for this virus (175).

Numerous animal models have been established to study respi-
ratory disease following SARS coronavirus infection (reviewed in
reference 176), with most models demonstrating evidence of virus
infection but without the severe acute pulmonary illness present
in humans. While mild respiratory disease was present in several
of these models, conjunctivitis was reported in ferrets infected
with SARS (84). Unlike SARS and HCoV-NL63 infection in hu-
mans, nonhuman coronaviruses frequently cause ocular disease
following intraocular or oronasal inoculation in numerous spe-
cies, including mice, cats, rats, and pigs (177–180). Collectively,
these studies indicate that while ocular complications are not a
frequent manifestation of coronavirus infections in humans, oc-
ular exposure may represent a meaningful route of entry for this
virus. Further study of virus infectivity specifically within ocular
tissues would allow for a better understanding of the permissive-
ness of nonrespiratory tissues to this virus.

Picornaviruses

Rhinoviruses represent a highly contagious respiratory illness of
the family Picornaviridae with approximately 100 identified sero-
types. The most typical symptoms from rhinovirus infection in
humans include runny nose, congestion, sore throat, chills, and
fever. Initiation of virus infection occurs following deposition of
virus in the nose or eye and transport of virus by mucociliary
transport to the back of the throat, where lymphoepithelial cells in
the adenoid area contain intracellular adhesion molecule 1
(ICAM-1), the cellular receptor for �90% of rhinovirus serotypes
(21, 181). ICAM-1 is expressed constitutively at low levels
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throughout the body, including the ocular epithelia, and was
shown to be upregulated during ocular inflammation (182). Sev-
eral studies have demonstrated that experimental inoculation of
virus into the conjunctiva results in human rhinovirus infection,
likely due to the spread of the virus inoculum to the nose via the
nasolacrimal duct (22, 183–185). However, experimental trans-
ocular exposure to aerosolized rhinovirus did not result in a pro-
ductive infection, suggesting that self-inoculation or direct con-
tact of contaminated material with ocular tissue is a more likely
mode of ocular exposure to rhinovirus resulting in human infec-
tion (186). Reports of rhinovirus replication in conjunctival tissue
itself have been rare but documented and were not associated with
a particular virus serotype (20). Only recently have small-mam-
mal models become available to study rhinovirus pathogenicity in
vivo (187); future research will allow for a better understanding of
how rhinoviruses use the eye as a portal of entry to establish respi-
ratory disease.

Isolated reports of ocular complications concurrent with upper
respiratory infection have been documented following infection
with other viruses of the family Picornaviridae (188, 189). In par-
ticular, ophthalmic infection with enterovirus 70 and coxsackievi-
rus A24 has been associated with acute hemorrhagic conjunctivi-
tis, and echovirus serotypes EV11 and EV19 were responsible for
outbreaks of enterovirus uveitis in infants (189, 190). Interest-
ingly, many of these viruses utilize �2-3-linked SA as a cellular
receptor (37), warranting closer examination to determine if hu-
man ocular tissue represents a permissive cell type for these vi-
ruses.

CONCLUSIONS

There are numerous other viral respiratory pathogens for which
documented ocular complications have been sparse or nonexis-
tent. For example, the human parainfluenza viruses have been
detected in conjunctival cells isolated from patients with keratitis
and from nasal swabs collected from children presenting with
conjunctivitis and upper respiratory tract illness (64, 191). While
Newcastle disease (caused by avian paramyxovirus serotype 1) is a
contagious and potentially lethal virus primarily in poultry (192),
inadvertent human exposure (most frequently resulting from di-
rect ocular exposure to infected material) has resulted in transient
conjunctivitis (193, 194). BK virus, a member of the family Polyo-
maviridae, which typically presents with nonspecific upper respi-
ratory tract infection, was associated with bilateral atypical retini-
tis in one immunocompromised patient (195). Collectively, it is
evident that numerous respiratory viruses, of both human and
zoonotic origins, are capable of using the eye as both a site of virus
replication as well as a portal of entry to mount a productive
respiratory infection.

While some virus subgroups exhibit a preferential tropism for
ocular tissue and others only sporadically cause ocular symptoms,
there are many commonalities between respiratory viruses in re-
gard to virus dissemination from ocular tissue and host responses
following viral infection of ocular cells. Adenoviruses and avian
influenza viruses both exploit the presence of �2-3-linked sialic
acids present on the ocular epithelium for receptor-dependent
entry into this tissue; several other respiratory viruses with docu-
mented cases of ocular disease also display this binding preference
(3). Similarities in the elicitation of host responses to influenza
virus, RSV, and adenovirus infection of corneal and conjunctival
epithelial cells, notably with regard to the induction of the NF-�B

pathway, provide insight into potential shared mechanisms of in-
flammation following virus infection (55–57, 196). While the
mammalian species used to model ocular infection differ some-
what between viruses, shared protocols for virus inoculation, tis-
sue harvesting, and sample manipulation underscore the ability to
use advances from research with other respiratory pathogens with
ocular complications or with pathogens such as herpes simplex
virus, for which abundant data using a murine model are avail-
able, as a resource when further building on existing and nascent
in vitro and in vivo ocular models of virus infection (80, 197, 198).

Great strides have been made in our understanding of the oc-
ular tropism of respiratory pathogens, but there is substantial
work that still needs to take place for a fuller understanding of the
properties which confer this tropism and how best to prevent and
treat human ocular disease caused by these etiologic agents. Ad-
ditional analysis of viral growth kinetics and host responses and
analysis of progeny virions following the simultaneous in vitro
infection of human respiratory and ocular cell types would further
identify tissue-specific differences that contribute to tropism (55).
The majority of antiviral agents available for viral conjunctivitis
are used to treat herpesvirus and not adenovirus infection; the
development of antiviral agents which target ocular disease caused
by RNA viruses is urgently needed (63). While individuals with
ocular disease following infection with a respiratory virus are pre-
scribed antiviral agents specific for that pathogen (such as the use
of oseltamivir following an outbreak of H7N7 influenza virus in
The Netherlands in 2003, which manifested largely as conjuncti-
vitis), the efficacy of existing antiviral treatments as they pertain
specifically to treatment of ocular complications requires further
study (10, 199). Future research evaluating the efficacy of existing
vaccines and antivirals against respiratory viruses in the context of
ocular exposure will better address these questions. Regardless of
the complexities which contribute to the incidence of ocular dis-
ease, the studies described in this review support recommenda-
tions which advise for the benefit of wearing eye protection during
potential exposure to respiratory pathogens, even when these vi-
ruses are not frequently considered to possess an ocular tropism
(200–202). Concurrent infection with multiple viral pathogens is
not uncommon in humans, and epidemiological studies which
demonstrated that the occurrence of one virus in the community
can influence the prevalence of another demonstrate the interre-
latedness of these agents (64, 203); only by studying these patho-
gens in a larger context will we best understand the public health
threat posed by these viruses and how best to prevent and treat
complications.

APPENDIX

Relevant articles were identified by searches of PubMed (1957 to
2012) with the terms “ocular,” “cornea,” “conjunctivitis,” or
“eye,” combined with the associated disease terms “respiratory
virus,” “influenza,” “adenovirus,” “respiratory syncytial virus,”
“RSV,” “coronavirus,” “SARS,” “NL63,” and “human metapneu-
movirus” and the laboratory modeling terms “ferret,” “mouse,”
“rabbit,” “cotton rat,” “in vitro,” and “ex vivo.” Additional rele-
vant articles were identified by cross-referencing Google Scholar,
references from relevant articles, and personal files. English lan-
guage articles were reviewed.

Ocular Tropism of Respiratory Viruses

March 2013 Volume 77 Number 1 mmbr.asm.org 151

http://mmbr.asm.org


ACKNOWLEDGMENTS

We thank Jennifer Hulsey for graphical assistance.
We have no conflicts of interest to report.
The findings and conclusions in this report are those of the authors

and do not necessarily reflect the views of the funding agency.

REFERENCES
1. Hayden FG, Ison MG. 2006. Respiratory viral infections, p 1–17. In Dale

DC, Federman DD (ed), ACP medicine, 2006 ed, vol 2. WebMD Profes-
sional Publishing, New York, NY.

2. Belser JA, Maines TR, Tumpey TM, Katz JM. 2010. Influenza A virus
transmission: contributing factors and clinical implications. Expert Rev.
Mol. Med. 12:e39. doi:10.1371/journal.ppat.1002569.

3. Olofsson S, Kumlin U, Dimock K, Arnberg N. 2005. Avian influenza
and sialic acid receptors: more than meets the eye? Lancet Infect. Dis.
5:184 –188.

4. Paulsen F. 2008. Functional anatomy and immunological interactions of
ocular surface and adnexa. Dev. Ophthalmol. 41:21–35.

5. Bennett FM, Hamilton W, Law BB, Macdonald A. 1957. Adenovirus
eye infections in Aberdeen. Lancet 273:670 – 673.

6. Lenaerts L, De Clercq E, Naesens L. 2008. Clinical features and treat-
ment of adenovirus infections. Rev. Med. Virol. 18:357–374.

7. Schaap GJ, de Jong JC, van Bijsterveld OP, Beekhuis WH. 1979. A new
intermediate adenovirus type causing conjunctivitis. Arch. Ophthalmol.
97:2336 –2338.

8. Kinchington PR, Romanowski EG, Jerold Gordon Y. 2005. Prospects
for adenovirus antivirals. J. Antimicrob. Chemother. 55:424 – 429.

9. Belser JA, Bridges CB, Katz JM, Tumpey TM. 2009. Past, present, and
possible future human infection with influenza virus A subtype H7.
Emerg. Infect. Dis. 15:859 – 865.

10. Koopmans M, Wilbrink B, Conyn M, Natrop G, van der Nat H,
Vennema H, Meijer A, van Steenbergen J, Fouchier R, Osterhaus A,
Bosman A. 2004. Transmission of H7N7 avian influenza A virus to
human beings during a large outbreak in commercial poultry farms in
the Netherlands. Lancet 363:587–593.

11. Abdel-Ghafar AN, Chotpitayasunondh T, Gao Z, Hayden FG, Nguyen
DH, de Jong MD, Naghdaliyev A, Peiris JS, Shindo N, Soeroso S,
Uyeki TM. 2008. Update on avian influenza A (H5N1) virus infection in
humans. N. Engl. J. Med. 358:261–273.

12. Dubnov-Raz G, Somech R, Warschawski Y, Eisenberg G, Bujanover Y.
2011. Clinical characteristics of children with 2009 pandemic H1N1 in-
fluenza virus infections. Pediatr. Int. 53:426 – 430.

13. Agius G, Dindinaud G, Biggar RJ, Peyre R, Vaillant V, Ranger S,
Poupet JY, Cisse MF, Castets M. 1990. An epidemic of respiratory
syncytial virus in elderly people: clinical and serological findings. J. Med.
Virol. 30:117–127.

14. Fujishima H, Okamoto Y, Saito I, Tsubota K. 1995. Respiratory syn-
cytial virus and allergic conjunctivitis. J. Allergy Clin. Immunol. 95:663–
667.

15. Gala CL, Hall CB, Schnabel KC, Pincus PH, Blossom P, Hildreth SW,
Betts RF, Douglas RG, Jr. 1986. The use of eye-nose goggles to control
nosocomial respiratory syncytial virus infection. JAMA 256:2706 –2708.

16. Hall CB, Douglas RG, Jr, Schnabel KC, Geiman JM. 1981. Infectivity of
respiratory syncytial virus by various routes of inoculation. Infect. Im-
mun. 33:779 –783.

17. Vabret A, Mourez T, Dina J, van der Hoek L, Gouarin S, Petitjean J,
Brouard J, Freymuth F. 2005. Human coronavirus NL63, France.
Emerg. Infect. Dis. 11:1225–1229.

18. van der Hoek L, Pyrc K, Jebbink MF, Vermeulen-Oost W, Berkhout
RJ, Wolthers KC, Wertheim-van Dillen PM, Kaandorp J, Spaargaren
J, Berkhout B. 2004. Identification of a new human coronavirus. Nat.
Med. 10:368 –373.

19. Peiris JS, Yuen KY, Osterhaus AD, Stohr K. 2003. The severe acute
respiratory syndrome. N. Engl. J. Med. 349:2431–2441.

20. Dreizin RS, Vikhnovich EM, Borovkova NM, Ponomareva TI. 1971.
The use of indirect fluorescent antibody technique in studies on the
reproduction of rhinoviruses and for the detection of rhinoviral antigen
in materials from patients with acute respiratory diseases and conjunc-
tivitides. Acta Virol. 15:520.

21. Hendley JO, Gwaltney JM, Jr. 1988. Mechanisms of transmission of
rhinovirus infections. Epidemiol. Rev. 10:243–258.

22. Winther B, Gwaltney JM, Jr, Mygind N, Turner RB, Hendley JO. 1986.

Sites of rhinovirus recovery after point inoculation of the upper airway.
JAMA 256:1763–1767.

23. Freymouth F, Vabret A, Legrand L, Eterradossi N, Lafay-Delaire F,
Brouard J, Guillois B. 2003. Presence of the new human metapneu-
movirus in French children with bronchiolitis. Pediatr. Infect. Dis. J.
22:92–94.

24. Galiano M, Videla C, Puch SS, Martinez A, Echavarria M, Carballal G.
2004. Evidence of human metapneumovirus in children in Argentina. J.
Med. Virol. 72:299 –303.

25. Knop E, Knop N. 2007. Anatomy and immunology of the ocular surface.
Chem. Immunol. Allergy 92:36 – 49.

26. Belser JA, Gustin KG, Maines TR, Pantin-Jackwood M, Katz JM,
Tumpey TM. 2012. Influenza virus respiratory infection and transmis-
sion following ocular inoculation in ferrets. PLoS Pathog. 8:e1002569.
doi:10.1371/journal.ppat.1002569.

27. Bitko V, Musiyenko A, Barik S. 2007. Viral infection of the lungs
through the eye. J. Virol. 81:783–790.

28. Chentoufi AA, Dasgupta G, Nesburn AB, Bettahi I, Binder NR,
Choudhury ZS, Chamberlain WD, Wechsler SL, BenMohamed L.
2010. Nasolacrimal duct closure modulates ocular mucosal and systemic
CD4(�) T-cell responses induced following topical ocular or intranasal
immunization. Clin. Vaccine Immunol. 17:342–353.

29. Paulsen F. 2003. The human nasolacrimal ducts. Adv. Anat. Embryol.
Cell Biol. 170:1–106.

30. Saitoh-Inagawa W, Hiroi T, Yanagita M, Iijima H, Uchio E, Ohno S,
Aoki K, Kiyono H. 2000. Unique characteristics of lacrimal glands as a
part of mucosal immune network: high frequency of IgA-committed B-1
cells and NK1.1� alphabeta T cells. Invest. Ophthalmol. Vis. Sci. 41:
138 –144.

31. Paulsen F, Thale A, Kohla G, Schauer R, Rochels R, Parwaresch R,
Tillmann B. 1998. Functional anatomy of human lacrimal duct epithe-
lium. Anat. Embryol. (Berl.) 198:1–12.

32. Feucht HH, Zollner B, Schroter M, Altrogge H, Laufs R. 1995. Tear
fluid of hepatitis C virus carriers could be infectious. J. Clin. Microbiol.
33:2202–2203.

33. Fujikawa LS, Salahuddin SZ, Ablashi D, Palestine AG, Masur H,
Nussenblatt RB, Gallo RC. 1986. HTLV-III in the tears of AIDS patients.
Ophthalmology 93:1479 –1481.

34. Kalkan A, Ozden M, Yilmaz T, Demirdag K, Bulut Y, Ozdarendeli A.
2004. A case of mumps conjunctivitis: detection of the virus RNA by
nested PCR in tear sample. Scand. J. Infect. Dis. 36:697–700.

35. Kaufman HE, Azcuy AM, Varnell ED, Sloop GD, Thompson HW, Hill
JM. 2005. HSV-1 DNA in tears and saliva of normal adults. Invest. Oph-
thalmol. Vis. Sci. 46:241–247.

36. Kidd-Ljunggren K, Holmberg A, Blackberg J, Lindqvist B. 2006. High
levels of hepatitis B virus DNA in body fluids from chronic carriers. J.
Hosp. Infect. 64:352–357.

37. Kumlin U, Olofsson S, Dimock K, Arnberg N. 2008. Sialic acid tissue
distribution and influenza virus tropism. Influenza Other Respi. Viruses
2:147–154.

38. Shinya K, Ebina M, Yamada S, Ono M, Kasai N, Kawaoka Y. 2006.
Avian flu: influenza virus receptors in the human airway. Nature 440:
435– 436.

39. van Riel D, Munster VJ, de Wit E, Rimmelzwaan GF, Fouchier RA,
Osterhaus AD, Kuiken T. 2006. H5N1 virus attachment to lower respi-
ratory tract. Science 312:399. doi:10.1126/science.1125548.

40. Ge S, Wang Z. 2011. An overview of influenza A virus receptors. Crit.
Rev. Microbiol. 37:157–165.

41. Viswanathan K, Chandrasekaran A, Srinivasan A, Raman R, Sa-
sisekharan V, Sasisekharan R. 2010. Glycans as receptors for influenza
pathogenesis. Glycoconj. J. 27:561–570.

42. Munster VJ, de Wit E, van Riel D, Beyer WE, Rimmelzwaan GF,
Osterhaus AD, Kuiken T, Fouchier RA. 2007. The molecular basis of
the pathogenicity of the Dutch highly pathogenic human influenza A
H7N7 viruses. J. Infect. Dis. 196:258 –265.

43. Bergelson JM, Cunningham JA, Droguett G, Kurt-Jones EA, Krithivas
A, Hong JS, Horwitz MS, Crowell RL, Finberg RW. 1997. Isolation of
a common receptor for coxsackie B viruses and adenoviruses 2 and 5.
Science 275:1320 –1323.

44. Tuve S, Wang H, Ware C, Liu Y, Gaggar A, Bernt K, Shayakhmetov D,
Li Z, Strauss R, Stone D, Lieber A. 2006. A new group B adenovirus
receptor is expressed at high levels on human stem and tumor cells. J.
Virol. 80:12109 –12120.

Belser et al.

152 mmbr.asm.org Microbiology and Molecular Biology Reviews

http://dx.doi.org/10.1371/journal.ppat.1002569
http://dx.doi.org/10.1371/journal.ppat.1002569
http://dx.doi.org/10.1126/science.1125548
http://mmbr.asm.org


45. Wang H, Li ZY, Liu Y, Persson J, Beyer I, Moller T, Koyuncu D,
Drescher MR, Strauss R, Zhang XB, Wahl JK, III, Urban N, Drescher
C, Hemminki A, Fender P, Lieber A. 2011. Desmoglein 2 is a receptor
for adenovirus serotypes 3, 7, 11 and 14. Nat. Med. 17:96 –104.

46. Arnberg N, Edlund K, Kidd AH, Wadell G. 2000. Adenovirus type 37
uses sialic acid as a cellular receptor. J. Virol. 74:42– 48.

47. Nilsson EC, Storm RJ, Bauer J, Johansson SM, Lookene A, Angstrom
J, Hedenstrom M, Eriksson TL, Frangsmyr L, Rinaldi S, Willison HJ,
Pedrosa Domellof F, Stehle T, Arnberg N. 2011. The GD1a glycan is a
cellular receptor for adenoviruses causing epidemic keratoconjunctivitis.
Nat. Med. 17:105–109.

48. Hamming I, Timens W, Bulthuis ML, Lely AT, Navis G, van Goor H.
2004. Tissue distribution of ACE2 protein, the functional receptor for
SARS coronavirus. A first step in understanding SARS pathogenesis. J.
Pathol. 203:631– 637.

49. Imai Y, Kuba K, Ohto-Nakanishi T, Penninger JM. 2010. Angiotensin-
converting enzyme 2 (ACE2) in disease pathogenesis. Circ. J. 74:405–
410.

50. Li W, Moore MJ, Vasilieva N, Sui J, Wong SK, Berne MA, So-
masundaran M, Sullivan JL, Luzuriaga K, Greenough TC, Choe H,
Farzan M. 2003. Angiotensin-converting enzyme 2 is a functional recep-
tor for the SARS coronavirus. Nature 426:450 – 454.

51. Tayyari F, Marchant D, Moraes TJ, Duan W, Mastrangelo P, Hegele
RG. 2011. Identification of nucleolin as a cellular receptor for human
respiratory syncytial virus. Nat. Med. 17:1132–1135.

52. Baos SC, Phillips DB, Wildling L, McMaster TJ, Berry M. 2012.
Distribution of sialic acids on mucins and gels: a defense mechanism.
Biophys. J. 102:176 –184.

53. Chandrasekaran A, Srinivasan A, Raman R, Viswanathan K, Raguram
S, Tumpey TM, Sasisekharan V, Sasisekharan R. 2008. Glycan topology
determines human adaptation of avian H5N1 virus hemagglutinin. Nat.
Biotechnol. 26:107–113.

54. Kirkeby S, Mikkelsen HB, Vorum H. 2011. Sialylated glycans and
mucins in the lacrimal gland and eyelid of man and pig. Potential recep-
tors for pathogenic microorganisms. Ann. Anat. 193:469 – 478.

55. Belser JA, Zeng H, Katz JM, Tumpey TM. 2011. Ocular tropism of
influenza A viruses: identification of H7 subtype-specific host responses
in human respiratory and ocular cells. J. Virol. 85:10117–10125.

56. Bitko V, Garmon NE, Cao T, Estrada B, Oakes JE, Lausch RN, Barik
S. 2004. Activation of cytokines and NF-kappa B in corneal epithelial
cells infected by respiratory syncytial virus: potential relevance in ocular
inflammation and respiratory infection. BMC Microbiol. 4:28. doi:10
.1186/1471-2180-4-28.

57. Rajaiya J, Sadeghi N, Chodosh J. 2009. Specific NFkappaB subunit
activation and kinetics of cytokine induction in adenoviral keratitis. Mol.
Vis. 15:2879 –2889.

58. Belser JA, Wadford DA, Xu J, Katz JM, Tumpey TM. 2009. Ocular
infection of mice with influenza A (H7) viruses: a site of primary repli-
cation and spread to the respiratory tract. J. Virol. 83:7075–7084.

59. Chan MC, Chan RW, Yu WC, Ho CC, Yuen KM, Fong JH, Tang LL,
Lai WW, Lo AC, Chui WH, Sihoe AD, Kwong DL, Wong DS, Tsao GS,
Poon LL, Guan Y, Nicholls JM, Peiris JS. 2010. Tropism and innate host
responses of the 2009 pandemic H1N1 influenza virus in ex vivo and in
vitro cultures of human conjunctiva and respiratory tract. Am. J. Pathol.
176:1828 –1840.

60. Toms GL, Rosztoczy I, Smith H. 1974. The localization of influenza
virus: minimal infectious dose determinations and single cycle kinetic
studies on organ cultures of respiratory and other ferret tissues. Br. J.
Exp. Pathol. 55:116 –129.

61. Kaufman HE. 2000. Treatment of viral diseases of the cornea and exter-
nal eye. Prog. Retin. Eye Res. 19:69 – 85.

62. Kimura K, Teranishi S, Nishida T. 2009. Interleukin-1beta-induced
disruption of barrier function in cultured human corneal epithelial cells.
Invest. Ophthalmol. Vis. Sci. 50:597– 603.

63. Skevaki CL, Galani IE, Pararas MV, Giannopoulou KP, Tsakris A.
2011. Treatment of viral conjunctivitis with antiviral drugs. Drugs 71:
331–347.

64. Athanasiu P, Anghelescu S, Predescu E, Peiulescu P, Stoian N, Stoian
M, Isaia G, Popa DP, Macarie I, Cristea C, Olteanu M, Carstocea B.
1984. Rapid detection by immunofluorescence of multiple viral infec-
tions in patients with keratitis. Virologie 35:83– 88.

65. Zaitseva NS, Vinogradova VL, Krichevskaya GI. 1978. Influence of

experimental influenza infection of the eye on the course of herpetic
keratitis in rabbits. Acta Virol. 22:470 – 476.

66. Chintakuntlawar AV, Astley R, Chodosh J. 2007. Adenovirus type 37
keratitis in the C57BL/6J mouse. Invest. Ophthalmol. Vis. Sci. 48:781–
788.

67. Chintakuntlawar AV, Chodosh J. 2009. Chemokine CXCL1/KC and its
receptor CXCR2 are responsible for neutrophil chemotaxis in adenoviral
keratitis. J. Interferon Cytokine Res. 29:657– 666.

68. Chodosh J. 2006. Human adenovirus type 37 and the BALB/c mouse:
progress toward a restricted adenovirus keratitis model (an American
Ophthalmological Society thesis). Trans. Am. Ophthalmol. Soc. 104:
346 –365.

69. Belser JA, Wadford DA, Pappas C, Gustin KM, Maines TR, Pearce
MB, Zeng H, Swayne DE, Pantin-Jackwood M, Katz JM, Tumpey TM.
2010. Pathogenesis of pandemic influenza A (H1N1) and triple-
reassortant swine influenza A (H1) viruses in mice. J. Virol. 84:4194 –
4203.

70. Sun R, Luo J, Gao Y, He H. 2009. Different infection routes of avian
influenza A (H5N1) virus in mice. Integr. Zool. 4:402– 408.

71. Tannock GA, Paul JA, Barry RD. 1985. Immunization against influenza
by the ocular route. Vaccine 3:277–280.

72. Aamir UB, Naeem K, Ahmed Z, Obert CA, Franks J, Krauss S, Seiler
P, Webster RG. 2009. Zoonotic potential of highly pathogenic avian
H7N3 influenza viruses from Pakistan. Virology 390:212–220.

73. Gordon YJ, Romanowski E, Araullo-Cruz T. 1992. An ocular model of
adenovirus type 5 infection in the NZ rabbit. Invest. Ophthalmol. Vis.
Sci. 33:574 –580.

74. Romanowski EG, Araullo-Cruz T, Gordon YJ. 1998. Multiple adeno-
viral serotypes demonstrate host range extension in the New Zealand
rabbit ocular model. Invest. Ophthalmol. Vis. Sci. 39:532–536.

75. Trousdale MD, Nobrega R, Wood RL, Stevenson D, dos Santos PM,
Klein D, McDonnell PJ. 1995. Studies of adenovirus-induced eye disease
in the rabbit model. Invest. Ophthalmol. Vis. Sci. 36:2740 –2748.

76. Kaneko H, Mori S, Suzuki O, Iida T, Shigeta S, Abe M, Ohno S, Aoki
K, Suzutani T. 2004. The cotton rat model for adenovirus ocular infec-
tion: antiviral activity of cidofovir. Antiviral Res. 61:63– 66.

77. Trousdale MD, Goldschmidt PL, Nobrega R. 1994. Activity of ganci-
clovir against human adenovirus type-5 infection in cell culture and cot-
ton rat eyes. Cornea 13:435– 439.

78. Tsai JC, Garlinghouse G, McDonnell PJ, Trousdale MD. 1992. An
experimental animal model of adenovirus-induced ocular disease. The
cotton rat. Arch. Ophthalmol. 110:1167–1170.

79. Belser JA, Szretter KJ, Katz JM, Tumpey TM. 2009. Use of animal
models to understand the pandemic potential of highly pathogenic avian
influenza viruses. Adv. Virus Res. 73:55–97.

80. Tumpey TM, Cheng H, Cook DN, Smithies O, Oakes JE, Lausch RN.
1998. Absence of macrophage inflammatory protein-1alpha prevents the
development of blinding herpes stromal keratitis. J. Virol. 72:3705–3710.

81. Wilhelmus KR. 2001. The Draize eye test. Surv. Ophthalmol. 45:493–
515.

82. Hernandez-Guerra AM, Rodilla V, Lopez-Murcia MM. 2007. Ocular
biometry in the adult anesthetized ferret (Mustela putorius furo). Vet.
Ophthalmol. 10:50 –52.

83. Jackson CA, Hickey TL. 1985. Use of ferrets in studies of the visual
system. Lab. Anim. Sci. 35:211–215.

84. Martina BE, Haagmans BL, Kuiken T, Fouchier RA, Rimmelzwaan
GF, Van Amerongen G, Peiris JS, Lim W, Osterhaus AD. 2003.
Virology: SARS virus infection of cats and ferrets. Nature 425:915. doi:
10.1038/425915a.

85. de Jong JC, Osterhaus AD, Jones MS, Harrach B. 2008. Human
adenovirus type 52: a type 41 in disguise? J. Virol. 82:3809; author reply
3809-3810.

86. Jones MS, II, Harrach B, Ganac RD, Gozum MM, Dela Cruz WP,
Riedel B, Pan C, Delwart EL, Schnurr DP. 2007. New adenovirus
species found in a patient presenting with gastroenteritis. J. Virol. 81:
5978 –5984.

87. Roelvink PW, Lizonova A, Lee JG, Li Y, Bergelson JM, Finberg RW,
Brough DE, Kovesdi I, Wickham TJ. 1998. The coxsackievirus-
adenovirus receptor protein can function as a cellular attachment pro-
tein for adenovirus serotypes from subgroups A, C, D, E, and F. J. Virol.
72:7909 –7915.

88. Azar MJ, Dhaliwal DK, Bower KS, Kowalski RP, Gordon YJ. 1996.

Ocular Tropism of Respiratory Viruses

March 2013 Volume 77 Number 1 mmbr.asm.org 153

http://dx.doi.org/10.1186/1471-2180-4-28
http://dx.doi.org/10.1186/1471-2180-4-28
http://dx.doi.org/10.1038/425915a
http://mmbr.asm.org


Possible consequences of shaking hands with your patients with epi-
demic keratoconjunctivitis. Am. J. Ophthalmol. 121:711–712.

89. Cheung D, Bremner J, Chan JT. 2003. Epidemic kerato-
conjunctivitis— do outbreaks have to be epidemic? Eye (Lond.) 17:356 –
363.

90. Kaneko H, Maruko I, Iida T, Ohguchi T, Aoki K, Ohno S, Suzutani T.
2008. The possibility of human adenovirus detection from the conjunc-
tiva in asymptomatic cases during nosocomial infection. Cornea 27:527–
530.

91. Warren D, Nelson KE, Farrar JA, Hurwitz E, Hierholzer J, Ford E,
Anderson LJ. 1989. A large outbreak of epidemic keratoconjunctivitis:
problems in controlling nosocomial spread. J. Infect. Dis. 160:938 –943.

92. Chodosh J, Astley RA, Butler MG, Kennedy RC. 2000. Adenovirus
keratitis: a role for interleukin-8. Invest. Ophthalmol. Vis. Sci. 41:783–
789.

93. Harvey SA, Romanowski EG, Yates KA, Gordon YJ. 2005. Adenovirus-
directed ocular innate immunity: the role of conjunctival defensin-like
chemokines (IP-10, I-TAC) and phagocytic human defensin-alpha. In-
vest. Ophthalmol. Vis. Sci. 46:3657–3665.

94. Jonsson MI, Lenman AE, Frangsmyr L, Nyberg C, Abdullahi M,
Arnberg N. 2009. Coagulation factors IX and X enhance binding and
infection of adenovirus types 5 and 31 in human epithelial cells. J. Virol.
83:3816 –3825.

95. Natarajan K, Rajala MS, Chodosh J. 2003. Corneal IL-8 expression
following adenovirus infection is mediated by c-Src activation in human
corneal fibroblasts. J. Immunol. 170:6234 – 6243.

96. Wu E, Fernandez J, Fleck SK, Von Seggern DJ, Huang S, Nemerow
GR. 2001. A 50-kDa membrane protein mediates sialic acid-
independent binding and infection of conjunctival cells by adenovirus
type 37. Virology 279:78 – 89.

97. Aplander K, Marttila M, Manner S, Arnberg N, Sterner O, Ellervik U.
2011. Molecular wipes: application to epidemic keratoconjuctivitis [sic].
J. Med. Chem. 54:6670 – 6675.

98. Jeng BH, Holsclaw DS. 2011. Cyclosporine A 1% eye drops for the
treatment of subepithelial infiltrates after adenoviral keratoconjunctivi-
tis. Cornea 30:958 –961.

99. Romanowski EG, Yates KA, Teuchner B, Nagl M, Irschick EU, Gordon
YJ. 2006. N-Chlorotaurine is an effective antiviral agent against adeno-
virus in vitro and in the Ad5/NZW rabbit ocular model. Invest. Ophthal-
mol. Vis. Sci. 47:2021–2026.

100. Yoon J, Jekle A, Najafi R, Ruado F, Zuck M, Khosrovi B, Memarzadeh
B, Debabov D, Wang L, Anderson M. 2011. Virucidal mechanism of
action of NVC-422, a novel antimicrobial drug for the treatment of ad-
enoviral conjunctivitis. Antiviral Res. 92:470 – 478.

101. Nwanegbo EC, Romanowski EG, Gordon YJ, Gambotto A. 2007.
Efficacy of topical immunoglobulins against experimental adenoviral oc-
ular infection. Invest. Ophthalmol. Vis. Sci. 48:4171– 4176.

102. Jagger BW, Wise HM, Kash JC, Walters KA, Wills NM, Xiao YL,
Dunfee RL, Schwartzman LM, Ozinsky A, Bell GL, Dalton RM, Lo A,
Efstathiou S, Atkins JF, Firth AE, Taubenberger JK, Digard P. 2012. An
overlapping protein-coding region in influenza A virus segment 3 mod-
ulates the host response. Science 337:199 –204.

103. Thompson WW, Shay DK, Weintraub E, Brammer L, Cox N, Ander-
son LJ, Fukuda K. 2003. Mortality associated with influenza and respi-
ratory syncytial virus in the United States. JAMA 289:179 –186.

104. Stuart-Harris CH. 1961. Twenty years of influenza epidemics. Am. Rev.
Respir. Dis. 83:54 –75.

105. Tweed SA, Skowronski DM, David ST, Larder A, Petric M, Lees W, Li
Y, Katz J, Krajden M, Tellier R, Halpert C, Hirst M, Astell C, Lawrence
D, Mak A. 2004. Human illness from avian influenza H7N3, British
Columbia. Emerg. Infect. Dis. 10:2196 –2199.

106. Belser JA, Blixt O, Chen LM, Pappas C, Maines TR, Van Hoeven N,
Donis R, Busch J, McBride R, Paulson JC, Katz JM, Tumpey TM.
2008. Contemporary North American influenza H7 viruses possess hu-
man receptor specificity: implications for virus transmissibility. Proc.
Natl. Acad. Sci. U. S. A. 105:7558 –7563.

107. Gambaryan AS, Matrosovich TY, Philipp J, Munster VJ, Fouchier RA,
Cattoli G, Capua I, Krauss SL, Webster RG, Banks J, Bovin NV, Klenk
HD, Matrosovich MN. 2012. Receptor-binding profiles of H7 subtype
influenza viruses in different host species. J. Virol. 86:4370 – 4379.

108. Yang H, Carney PJ, Donis RO, Stevens J. 2012. Structure and receptor
complexes of the hemagglutinin from a highly pathogenic H7N7 influ-
enza virus. J. Virol. 86:8645– 8652.

109. Yang H, Chen LM, Carney PJ, Donis RO, Stevens J. 2010. Structures of
receptor complexes of a North American H7N2 influenza hemagglutinin
with a loop deletion in the receptor binding site. PLoS Pathog.
6:e1001081. doi:10.1371/journal.ppat.1001081.

110. Dudley JP. 2008. Public health and epidemiological considerations for
avian influenza risk mapping and risk assessment. Ecol. Soc. 13:21.

111. Ostrowsky B, Huang A, Terry W, Anton D, Brunagel B, Traynor L,
Abid S, Johnson G, Kacica M, Katz J, Edwards L, Lindstrom S, Klimov
A, Uyeki TM. 2012. Low pathogenic avian influenza A (H7N2) virus
infection in immunocompromised adult, New York, USA, 2003. Emerg.
Infect. Dis. 18:1128 –1131.

112. Chan PK. 2002. Outbreak of avian influenza A(H5N1) virus infection in
Hong Kong in 1997. Clin. Infect. Dis. 34(Suppl 2):S58 –S64. doi:10.1086
/338820.

113. Tam JS. 2002. Influenza A (H5N1) in Hong Kong: an overview. Vaccine
20(Suppl 2):S77–S81. doi:10.1016/S0264-410X(02)00137-8.

114. Van Borm S, Thomas I, Hanquet G, Lambrecht B, Boschmans M,
Dupont G, Decaestecker M, Snacken R, van den Berg T. 2005. Highly
pathogenic H5N1 influenza virus in smuggled Thai eagles, Belgium.
Emerg. Infect. Dis. 11:702–705.

115. Lai CC, Chang YS, Li ML, Chang CM, Huang FC, Tseng SH. 2011.
Acute anterior uveitis and optic neuritis as ocular complications of in-
fluenza a infection in an 11-year-old boy. J. Pediatr. Ophthalmol. Stra-
bismus 48:e30 – e33. doi:10.3928/01913913-20110628-03.

116. Lopez-Prats MJ, Sanz Marco E, Hidalgo-Mora JJ, Garcia-Delpech S,
Diaz-Llopis M. 2010. Bleeding follicular conjunctivitis due to influenza
H1N1 virus. J. Ophthalmol. 2010:423672. doi:10.1155/2010/423672.

117. De Serres G, Toth E, Menard S, Grenier JL, Roussel R, Tremblay M,
Landry M, Robert Y, Rochette L, Skowronski DM. 2005. Oculo-
respiratory syndrome after influenza vaccination: trends over four influ-
enza seasons. Vaccine 23:3726 –3732.

118. Solomon A, Frucht-Pery J. 1996. Bilateral simultaneous corneal graft
rejection after influenza vaccination. Am. J. Ophthalmol. 121:708 –709.

119. Steinemann TL, Koffler BH, Jennings CD. 1988. Corneal allograft
rejection following immunization. Am. J. Ophthalmol. 106:575–578.

120. Wertheim MS, Keel M, Cook SD, Tole DM. 2006. Corneal transplant
rejection following influenza vaccination. Br. J. Ophthalmol. 90:925. doi:
10.1136/bjo.2006.093187.

121. Bischoff WE, Reid T, Russell GB, Peters TR. 2011. Transocular entry of
seasonal influenza-attenuated virus aerosols and the efficacy of n95 res-
pirators, surgical masks, and eye protection in humans. J. Infect. Dis.
204:193–199.

122. Michaelis M, Geiler J, Klassert D, Doerr HW, Cinatl J, Jr. 2009.
Infection of human retinal pigment epithelial cells with influenza A vi-
ruses. Invest. Ophthalmol. Vis. Sci. 50:5419 –5425.

123. Chan RW, Kang SS, Yen HL, Li AC, Tang LL, Yu WC, Yuen KM, Chan
IW, Wong DD, Lai WW, Kwong DL, Sihoe AD, Poon LL, Guan Y,
Nicholls JM, Peiris JS, Chan MC. 2011. Tissue tropism of swine influ-
enza viruses and reassortants in ex vivo cultures of the human respiratory
tract and conjunctiva. J. Virol. 85:11581–11587.

124. Mansour DE, El-Shazly AA, Elawamry AI, Ismail AT. 2012. Compar-
ison of ocular findings in patients with H1N1 influenza infection versus
patients receiving influenza vaccine during a pandemic. Ophthalmic Res.
48:134 –138.

125. Chen Y, Zhong G, Wang G, Deng G, Li Y, Shi J, Zhang Z, Guan Y,
Jiang Y, Bu Z, Kawaoka Y, Chen H. 2010. Dogs are highly susceptible to
H5N1 avian influenza virus. Virology 405:15–19.

126. Abd El-Rahim IH, Hussein M. 2004. An epizootic of equine influenza in
Upper Egypt in 2000. Rev. Sci. Tech. 23:921–930.

127. Thiry E, Addie D, Belak S, Boucraut-Baralon C, Egberink H, Frymus
T, Gruffydd-Jones T, Hartmann K, Hosie MJ, Lloret A, Lutz H,
Marsilio F, Pennisi MG, Radford AD, Truyen U, Horzinek MC. 2009.
H5N1 avian influenza in cats. ABCD guidelines on prevention and man-
agement. J. Feline Med. Surg. 11:615– 618.

128. Woolcock PR, Shivaprasad HL, De Rosa M. 2000. Isolation of avian
influenza virus (H10N7) from an emu (Dromaius novaehollandiae) with
conjunctivitis and respiratory disease. Avian Dis. 44:737–744.

129. Shay DK, Holman RC, Roosevelt GE, Clarke MJ, Anderson LJ. 2001.
Bronchiolitis-associated mortality and estimates of respiratory syncytial
virus-associated deaths among US children, 1979-1997. J. Infect. Dis.
183:16 –22.

130. Fujishima H. 2002. Respiratory syncytial virus may be a pathogen in
allergic conjunctivitis. Cornea 21:S39 – 45.

Belser et al.

154 mmbr.asm.org Microbiology and Molecular Biology Reviews

http://dx.doi.org/10.1371/journal.ppat.1001081
http://dx.doi.org/10.1086/338820
http://dx.doi.org/10.1086/338820
http://dx.doi.org/10.1016/S0264-410X(02)00137-8
http://dx.doi.org/10.3928/01913913-20110628-03
http://dx.doi.org/10.1155/2010/423672
http://dx.doi.org/10.1136/bjo.2006.093187
http://mmbr.asm.org


131. Fujishima H, Saito I, Okamoto Y, Takeuchi T, Tsubota K. 1998.
Respiratory syncytial virus-induced interleukin-4 production by human
conjunctival epithelial cells contributes to allergy: preliminary study.
Curr. Eye Res. 17:656 – 662.

132. Elazhary MA, Galina M, Roy RS, Fontaine M, Lamothe P. 1980.
Experimental infection of calves with bovine respiratory syncytial virus
(Quebec strain). Can. J. Comp. Med. 44:390 –395.

133. Evermann JF, Liggitt HD, Parish SM, Ward AC, LeaMaster BR. 1985.
Properties of a respiratory syncytial virus isolated from a sheep with
rhinitis. Am. J. Vet. Res. 46:947–951.

134. Khristozova S, Tsvetkov P, Kharalambiev KE. 1985. Experimental
infection of lambs with strains of the bovine respiratory syncytial virus.
Vet. Med. Nauki 22:31–35. (In Bulgarian.)

135. Verhoeff J, Van der Ban M, van Nieuwstadt AP. 1984. Bovine respi-
ratory syncytial virus infections in young dairy cattle: clinical and haema-
tological findings. Vet. Rec. 114:9 –12.

136. Musiyenko A, Correa L, Stock N, Hutchinson JH, Lorrain DS, Bain G,
Evans JF, Barik S. 2009. A novel 5-lipoxygenase-activating protein in-
hibitor, AM679, reduces inflammation in the respiratory syncytial virus-
infected mouse eye. Clin. Vaccine Immunol. 16:1654 –1659.

137. Stebbins KJ, Broadhead AR, Musiyenko A, Barik S, Scott JM, Truong
YP, Stearns BA, Hutchinson JH, Prasit P, Evans JF, Lorrain DS. 2011.
DP2 (CRTh2) antagonism reduces ocular inflammation induced by al-
lergen challenge and respiratory syncytial virus. Int. Arch. Allergy Immu-
nol. 157:259 –268.

138. Fouchier RA, Rimmelzwaan GF, Kuiken T, Osterhaus AD. 2005.
Newer respiratory virus infections: human metapneumovirus, avian in-
fluenza virus, and human coronaviruses. Curr. Opin. Infect. Dis. 18:141–
146.

139. van den Hoogen BG, de Jong JC, Groen J, Kuiken T, de Groot R,
Fouchier RA, Osterhaus AD. 2001. A newly discovered human pneu-
movirus isolated from young children with respiratory tract disease. Nat.
Med. 7:719 –724.

140. Schildgen O, Simon A, Williams J. 2007. Animal models for human
metapneumovirus (HMPV) infections. Vet. Res. 38:117–126.

141. Jirjis FF, Noll SL, Halvorson DA, Nagaraja KV, Shaw DP. 2002.
Pathogenesis of avian pneumovirus infection in turkeys. Vet. Pathol.
39:300 –310.

142. Velayudhan BT, McComb B, Bennett RS, Lopes VC, Shaw D, Halvor-
son DA, Nagaraja KV. 2005. Emergence of a virulent type C avian
metapneumovirus in turkeys in Minnesota. Avian Dis. 49:520 –526.

143. Bellini WJ, Rota PA. 2011. Biological feasibility of measles eradication.
Virus Res. 162:72–79.

144. Yanagi Y, Takeda M, Ohno S, Hashiguchi T. 2009. Measles virus
receptors. Curr. Top. Microbiol. Immunol. 329:13–30.

145. Simons E, Ferrari M, Fricks J, Wannemuehler K, Anand A, Burton A,
Strebel P. 2012. Assessment of the 2010 global measles mortality reduc-
tion goal: results from a model of surveillance data. Lancet 379:2173–
2178.

146. Bhaskaram P, Mathur R, Rao V, Madhusudan J, Radhakrishna KV,
Raghuramulu N, Reddy V. 1986. Pathogenesis of corneal lesions in
measles. Hum. Nutr. Clin. Nutr. 40:197–204.

147. Kayikcioglu O, Kir E, Soyler M, Guler C, Irkec M. 2000. Ocular
findings in a measles epidemic among young adults. Ocul. Immunol.
Inflamm. 8:59 – 62.

148. Nommensen FE, Dekkers NW. 1981. Detection of measles antigen in
conjunctival epithelial lesions staining by lissamine green during measles
virus infection. J. Med. Virol. 7:157–162.

149. Olatunji FO, Kirupananthan S, Ayanniyi AA, Abuh S. 2009. Causes of
childhood blindness at ECWA Eye Hospital, Kano, Nigeria. Afr. J. Med.
Med. Sci. 38:29 –32.

150. Pavlopoulos GP, Giannakos GI, Theodosiadis PG, Moschos MM,
Iliakis EK, Theodosiadis GP. 2008. Rubeola keratitis: a photographic
study of corneal lesions. Cornea 27:411– 416.

151. Perry RT, Mmiro F, Ndugwa C, Semba RD. 2000. Measles infection in
HIV-infected African infants. Ann. N. Y. Acad. Sci. 918:377–380.

152. Reddy V, Bhaskaram P, Raghuramulu N, Milton RC, Rao V, Madhu-
sudan J, Krishna KV. 1986. Relationship between measles, malnutri-
tion, and blindness: a prospective study in Indian children. Am. J. Clin.
Nutr. 44:924 –930.

153. Semba RD, Bloem MW. 2004. Measles blindness. Surv. Ophthalmol.
49:243–255.

154. Semba RD, de Pee S, Berger SG, Martini E, Ricks MO, Bloem MW.

2007. Malnutrition and infectious disease morbidity among children
missed by the childhood immunization program in Indonesia. Southeast
Asian J. Trop. Med. Public Health 38:120 –129.

155. Takahashi H, Umino Y, Sato TA, Kohama T, Ikeda Y, Iijima M,
Fujisawa R. 1996. Detection and comparison of viral antigens in measles
and rubella rashes. Clin. Infect. Dis. 22:36 –39.

156. Best JM, Castillo-Solorzano C, Spika JS, Icenogle J, Glasser JW, Gay
NJ, Andrus J, Arvin AM. 2005. Reducing the global burden of congen-
ital rubella syndrome: report of the World Health Organization Steering
Committee on Research Related to Measles and Rubella Vaccines and
Vaccination, June 2004. J. Infect. Dis. 192:1890 –1897.

157. Cutts FT, Robertson SE, Diaz-Ortega JL, Samuel R. 1997. Control of
rubella and congenital rubella syndrome (CRS) in developing countries,
part 1: burden of disease from CRS. Bull. World Health Organ. 75:55– 68.

158. Reef SE, Redd SB, Abernathy E, Zimmerman L, Icenogle JP. 2006. The
epidemiological profile of rubella and congenital rubella syndrome in the
United States, 1998-2004: the evidence for absence of endemic transmis-
sion. Clin. Infect. Dis. 43(Suppl 3):S126 –S132. doi:10.1086/505944.

159. Cotlier E. 1972. Rubella in animals and experimental ocular aspects of
congenital rubella. Int. Ophthalmol. Clin. 12:137–146.

160. Horta-Barbosa L, Warren J. 1969. Comparative sensitivity of tissue
cultures to rubella virus: use of guinea pig cells for virus titration. Appl.
Microbiol. 18:251–255.

161. Khalifa MA, Rodrigues MM, Rajagopalan S, Swoveland P. 1991. Eye
pathology associated with measles encephalitis in hamsters. Arch. Virol.
119:165–173.

162. Leerhoy J. 1965. Cytopathic effect of rubella virus in a rabbit-cornea cell
line. Science 149:633– 634.

163. Parhad IM, Johnson KP, Wolinsky JS, Swoveland P. 1980. Measles
retinopathy. A hamster model of acute and chronic lesions. Lab. Invest.
43:52– 60.

164. van der Hoek L. 2007. Human coronaviruses: what do they cause?
Antivir. Ther. 12:651– 658.

165. Woo PC, Lau SK, Chu CM, Chan KH, Tsoi HW, Huang Y, Wong BH,
Poon RW, Cai JJ, Luk WK, Poon LL, Wong SS, Guan Y, Peiris JS,
Yuen KY. 2005. Characterization and complete genome sequence of a
novel coronavirus, coronavirus HKU1, from patients with pneumonia. J.
Virol. 79:884 – 895.

166. Fielding BC. 2011. Human coronavirus NL63: a clinically important
virus? Future Microbiol. 6:153–159.

167. Fouchier RA, Hartwig NG, Bestebroer TM, Niemeyer B, de Jong JC,
Simon JH, Osterhaus AD. 2004. A previously undescribed coronavirus
associated with respiratory disease in humans. Proc. Natl. Acad. Sci.
U. S. A. 101:6212– 6216.

168. Esper F, Shapiro ED, Weibel C, Ferguson D, Landry ML, Kahn JS.
2005. Association between a novel human coronavirus and Kawasaki
disease. J. Infect. Dis. 191:499 –502.

169. Drosten C, Gunther S, Preiser W, van der Werf S, Brodt HR, Becker
S, Rabenau H, Panning M, Kolesnikova L, Fouchier RA, Berger A,
Burguiere AM, Cinatl J, Eickmann M, Escriou N, Grywna K, Kramme
S, Manuguerra JC, Muller S, Rickerts V, Sturmer M, Vieth S, Klenk
HD, Osterhaus AD, Schmitz H, Doerr HW. 2003. Identification of a
novel coronavirus in patients with severe acute respiratory syndrome. N.
Engl. J. Med. 348:1967–1976.

170. Raboud J, Shigayeva A, McGeer A, Bontovics E, Chapman M, Gravel
D, Henry B, Lapinsky S, Loeb M, McDonald LC, Ofner M, Paton S,
Reynolds D, Scales D, Shen S, Simor A, Stewart T, Vearncombe M,
Zoutman D, Green K. 2010. Risk factors for SARS transmission from
patients requiring intubation: a multicentre investigation in Toronto,
Canada. PLoS One 5:e10717. doi:10.1371/journal.pone.0010717.

171. Loon SC, Teoh SC, Oon LL, Se-Thoe SY, Ling AE, Leo YS, Leong HN.
2004. The severe acute respiratory syndrome coronavirus in tears. Br. J.
Ophthalmol. 88:861– 863.

172. Chan WM, Yuen KS, Fan DS, Lam DS, Chan PK, Sung JJ. 2004. Tears
and conjunctival scrapings for coronavirus in patients with SARS. Br. J.
Ophthalmol. 88:968 –969.

173. Yuen KS, Chan WM, Fan DS, Chong KK, Sung JJ, Lam DS. 2004.
Ocular screening in severe acute respiratory syndrome. Am. J. Ophthal-
mol. 137:773–774.

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

175. Tong T, Lai TS. 2005. The severe acute respiratory syndrome coronavi-
rus in tears. Br. J. Ophthalmol. 89:392. doi:10.1136/bjo.2004.054130.

Ocular Tropism of Respiratory Viruses

March 2013 Volume 77 Number 1 mmbr.asm.org 155

http://dx.doi.org/10.1086/505944
http://dx.doi.org/10.1371/journal.pone.0010717
http://dx.doi.org/10.1016/S1473-3099(04)01093-X
http://dx.doi.org/10.1016/S1473-3099(04)01093-X
http://dx.doi.org/10.1136/bjo.2004.054130
http://mmbr.asm.org


176. Nagata N, Iwata-Yoshikawa N, Taguchi F. 2010. Studies of severe acute
respiratory syndrome coronavirus pathology in human cases and animal
models. Vet. Pathol. 47:881– 892.

177. Andries K, Pensaert MB. 1980. Immunofluorescence studies on the
pathogenesis of hemagglutinating encephalomyelitis virus infection in
pigs after oronasal inoculation. Am. J. Vet. Res. 41:1372–1378.

178. Doherty MJ. 1971. Ocular manifestations of feline infectious peritonitis.
J. Am. Vet. Med. Assoc. 159:417– 424.

179. Lai YL, Jacoby RO, Bhatt PN, Jonas AM. 1976. Keratoconjunctivitis
associated with sialodacryoadenitis in rats. Invest. Ophthalmol. 15:538 –
541.

180. Robbins SG, Detrick B, Hooks JJ. 1991. Ocular tropisms of murine
coronavirus (strain JHM) after inoculation by various routes. Invest.
Ophthalmol. Vis. Sci. 32:1883–1893.

181. Gwaltney JM. 2002. Clinical significance and pathogenesis of viral respi-
ratory infections. Am. J. Med. 112(Suppl 6A):13S–18S. doi:10.1016
/S0002-9343(01)01059-2.

182. Gao J, Morgan G, Tieu D, Schwalb TA, Luo JY, Wheeler LA, Stern ME.
2004. ICAM-1 expression predisposes ocular tissues to immune-based
inflammation in dry eye patients and Sjogrens syndrome-like MRL/lpr
mice. Exp. Eye Res. 78:823– 835.

183. Bynoe ML, Hobson D, Horner J, Kipps A, Schild GC, Tyrrell DA.
1961. Inoculation of human volunteers with a strain of virus isolated
from a common cold. Lancet i:1194 –1196.

184. Hendley JO, Wenzel RP, Gwaltney JM, Jr. 1973. Transmission of
rhinovirus colds by self-inoculation. N. Engl. J. Med. 288:1361–1364.

185. Reed SE. 1975. An investigation of the possible transmission of rhinovi-
rus colds through indirect contact. J. Hyg. (Lond.) 75:249 –258.

186. Bischoff WE. 2010. Transmission route of rhinovirus type 39 in a mono-
dispersed airborne aerosol. Infect. Control Hosp. Epidemiol. 31:857–
859.

187. Bartlett NW, Walton RP, Edwards MR, Aniscenko J, Caramori G, Zhu
J, Glanville N, Choy KJ, Jourdan P, Burnet J, Tuthill TJ, Pedrick MS,
Hurle MJ, Plumpton C, Sharp NA, Bussell JN, Swallow DM, Schwarze
J, Guy B, Almond JW, Jeffery PK, Lloyd CM, Papi A, Killington RA,
Rowlands DJ, Blair ED, Clarke NJ, Johnston SL. 2008. Mouse models
of rhinovirus-induced disease and exacerbation of allergic airway inflam-
mation. Nat. Med. 14:199 –204.

188. Wiest G, Safoschnik G, Schnaberth G, Mueller C. 1997. Ocular flutter
and truncal ataxia may be associated with enterovirus infection. J. Neu-
rol. 244:288 –292.

189. Yin-Murphy M, Goh KT, Phoon MC, Yao J, Baharuddin I. 1993. A
recent epidemic of acute hemorrhagic conjunctivitis. Am. J. Ophthal-
mol. 116:212–217.

190. Lashkevich VA, Koroleva GA, Lukashev AN, Denisova EV, Katargina
LA. 2004. Enterovirus uveitis. Rev. Med. Virol. 14:241–254.

191. Kahbazi M, Fahmizad A, Armin S, Ghanaee RM, Fallah F, Shiva F,
Golnabi A, Jahromy MH, Arjomandzadegan M, Karimi A. 2011.
Aetiology of upper respiratory tract infections in children in Arak City: a
community based study. Acta Microbiol. Immunol. Hung. 58:289 –296.

192. Capua I, Alexander DJ. 2004. Human health implications of avian
influenza viruses and paramyxoviruses. Eur. J. Clin. Microbiol. Infect.
Dis. 23:1– 6.

193. Keeney AH, Hunter MC. 1951. Human infection with the Newcastle
virus of fowls. AMA Arch. Ophthalmol. 46:94 –95.

194. Lippmann O. 1952. Human conjunctivitis due to the Newcastle-disease
virus of fowls. Am. J. Ophthalmol. 35:1021–1028.

195. Hedquist BG, Bratt G, Hammarin AL, Grandien M, Nennesmo I,
Sundelin B, Seregard S. 1999. Identification of BK virus in a patient with
acquired immune deficiency syndrome and bilateral atypical retinitis.
Ophthalmology 106:129 –132.

196. Lan W, Petznick A, Heryati S, Rifada M, Tong L. 2012. Nuclear
factor-kappaB: central regulator in ocular surface inflammation and dis-
eases. Ocul. Surf. 10:137–148.

197. Hendricks RL, Tumpey TM. 1990. Contribution of virus and immune
factors to herpes simplex virus type I-induced corneal pathology. Invest.
Ophthalmol. Vis. Sci. 31:1929 –1939.

198. Kumaraguru U, Davis I, Rouse BT. 1999. Chemokines and ocular
pathology caused by corneal infection with herpes simplex virus. J. Neu-
rovirol. 5:42– 47.

199. Belser JA, Sleeman K, Pearce MB, Katz JM, Gubareva LV, Tumpey
TM. 2012. Oseltamivir inhibits H7 influenza virus replication in mice
inoculated by the ocular route. Antimicrob. Agents Chemother. 56:
1616 –1618.

200. CDC. 9 January 2013.. Prevention strategies for seasonal influenza in health-
care settings: guidelines and recommendations. CDC, Atlanta, GA. http:
//www.cdc.gov/flu/professionals/infectioncontrol/healthcaresettings.htm.

201. CDC. 14 January 2006. Interim guidance for protection of persons in-
volved in US avian influenza outbreak disease control and eradication
activities. Department of Health and Human Services, CDC, Atlanta,
GA. http://www.cdc.gov/flu/avian/professional/protect-guid.htm.

202. IOM. 2011. Preventing transmission of pandemic influenza and other
viral respiratory diseases. National Academy of Sciences, Washing-
ton, DC.

203. Kim HS, Choi HC, Cho B, Lee JY, Kwon MJ. 2011. Effect of the H1N1
influenza pandemic on the incidence of epidemic keratoconjunctivitis
and on hygiene behavior: a cross-sectional study. PLoS One 6:e23444.
doi:10.1371/journal.pone.0023444.

Belser et al.

156 mmbr.asm.org Microbiology and Molecular Biology Reviews

http://dx.doi.org/10.1016/S0002-9343(01)01059-2
http://dx.doi.org/10.1016/S0002-9343(01)01059-2
http://www.cdc.gov/flu/professionals/infectioncontrol/healthcaresettings.htm
http://www.cdc.gov/flu/professionals/infectioncontrol/healthcaresettings.htm
http://www.cdc.gov/flu/avian/professional/protect-guid.htm
http://dx.doi.org/10.1371/journal.pone.0023444
http://mmbr.asm.org

	Ocular Tropism of Respiratory Viruses

