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Abstract 

Viruses are common causative agents of ocular infection among humans. 

Epidemic keratoconjuntivitis (EKC) is a severe and contagious ocular 

disease with reported outbreaks worldwide. It is estimated that this disease 

affects 20-40 million individuals every year, which leads to huge 

socioeconomic costs for the affected countries. EKC is endemic in Japan 

with half a million to one million cases every year. EKC is characterized by 

keratitis and conjunctivitis but is also associated with pain, edema, 

lacrimation, and decreased vision that can prolong for months after the 

infection and in rare cases years. This disease is caused by human 

adenoviruses (HAdVs), which belong to the family of Adenoviridae. 

Currently, there is no available treatment against EKC.  

 

EKC is mainly caused by HAdV-8, HAdV-19, HAdV-37, HAdV-53, HAdV-

54, and HAdV-56, which belong to species D HAdVs. HAdV-8, HAdV-19 

and HAdV-37 have previously been shown to use sialic acid (SA)-

containing glycans as cellular receptors to bind to and infect human 

corneal epithelial (HCE) cells. To characterize the receptor in more detail, 

we performed a glycan array, which included SA-containing glycans. A 

branched hexasaccharide terminating with SA in each arm was identified 

as a candidate receptor. This glycan corresponds to the glycan motif found 

on a ganglioside, GD1a. By performing a series of biological and 

biochemical experiments we confirmed the function of the GD1a glycan as 

a cellular receptor for EKC-causing HAdVs. However, the glycan used as a 

receptor was linked to plasma membrane protein(s) through O-glycosidic 

bonds, rather than to a lipid (as in the ganglioside). X-ray crystallography 

analysis showed that the two terminal SA:s interacted with two of the three 

previously identified SA-binding sites on the knob domain of the HAdV-37 

capsid protein known as the fiber.  

 

Based on the structural features of the GD1a:HAdV-37 knob interaction, we 

assumed that a three-armed molecule with each arm terminating with SA 
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would be an efficient inhibitor. Such molecules were designed, synthesized 

and found to efficiently prevent HAdV-37 binding to and infection of 

corneal cells. These results indicate that trisialic acids-containing 

compounds may be used for treatment of EKC.  

 

After binding to its primary receptor, most HAdVs have been shown to 

interact with αVβ3 and αVβ5 integrins to enter human cells. This 

interaction occurs through the RGD (arginine-alanine-aspartic acid) motif 

in the capsid protein known as the penton base. However, it was not clear if 

corneal epithelial cells express αVβ3 and αVβ5 integrins. Thus, to better 

understand additional early steps of infection by EKC-causing HAdVs, we 

performed binding and infection competition experiments using human 

corneal epithelial cells and siRNA, integrin specific antibodies, peptides 

and RGD-containing ligands indicating that α3, αV, β1 affected HAdV-37 

infection of but not binding to HCE cells. We could also see that HAdV-37 

co-localize with α3 and αV at after entry into HCE cells. In situ 

histochemistry confirmed that the expression of α3 and αV in human 

corneal tissue. Overall, our results suggest that αV and α3 integrins are 

important for HAdV-37 infection of corneal cells.  

 

Altogether, these results provide further insight into the biology of HAdVs 

and open up for development of novel antiviral drugs. 
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Summary in Swedish- 
Populärvetenskaplig sammanfattning 
på Svenska 

Virus är en vanlig orsak till olika humana ögonsjukdomar. En sådan 

virusorsakad ögonsjukdom heter epidemisk keratokonjuntivit (EKC). EKC 

är en allvarlig och smittsam sjukdom med rapporterade sjukdomsfall och 

utbrott världen över. Uppskattningsvis drabbas mellan 20-40 miljoner 

individer av denna sjukdom varje år, vilket leder till stora 

samhällsekonomiska förluster hos de drabbade länderna. EKC vållar stora 

problem i Japan med en halv- till en miljon rapporterade fall varje år. EKC 

kännetecknas av olika symtom så som inflammation av hornhinna och 

bindhinna tillsammans med värk, ödem, rinnande ögon och nedsatt syn 

som kan pågå i månader eller år efter insjuknandet. EKC orsakas av flera 

olika typer av adenovirus (HAdVs) som tillhör familjen Adenoviridae. Det 

finns idag inga tillgängliga läkemedel för att behandla EKC.  

EKC orsakas oftast av sex olika HAdV typer, HAdV-8, HAdV-19, HAdV-37, 

HAdV-53, HAdV-54 och HAdV-56. Tre av dessa virus (HAdV-8, HAdV-19 

och HAdV-37) har visat sig använda sig en kolhydrat som heter sialinsyra 

(SA) för att kunna binda till och infektion av ögonceller. SA är en vanlig 

kolhydrat som finns på många olika kolhydratsstrukturer på 

cellmembraners yta. Vi försökte identifiera om någon/några av dessa SA-

innehållande strukturer är viktiga för EKC-orsakande HAdV infektion av 

ögonceller. Denna kolhydratssökning pekade ut en grenad 

kolhydratsstruktur bestående av 6 olika kolhydrater som avslutas med två 

SA. Denna kolhydratsstruktur är den samma som finns på gangliosiden 

(SA-bärande fettsvans/lipid), GD1a. Funktionen hos denna 

kolhydratstruktur testades med flera olika biologiska och biokemiska 

experiment innan den bekräftades vara en cellulär receptor för EKC-

orsakande HAdV. Strukturstudier mellan GD1a–kolhydraten och HAdV-37 

virus visade att GD1a-kolydraten interagerade med ”knoppen” hos det 

utstickande så kallade fiberproteinet.  



vi 

Baserat på hur GD1a glykanen interagerade med HAdV-37 knoppen, föddes 

tanken att kunna blockera/hämma denna interaktion, genom att tillverka 

molekyler med tre eller flera avslutande SA. En sådan molekyl skulle kunna 

interagera med alla 3 SA-inbindningsställen i varje fiberknopp. En molekyl 

med tre SA (tri-sialylerad molekyl) visade sig vara bäst på att hämma 

HAdV-37 bindning och infektion av ögonceller. Denna molekyl förädlades 

genom att skapa olika analoger som visade sig vara mer än 1000 gånger 

mer effektiv att hämma HAdV-37 bindning och infektion till ögonceller än 

vad GD1a-kolhydraten var. Våra resultat visar att tri-sialylerad molekyl är 

en lovande läkemedelskandidat för att i framtiden kunna behandla EKC.  

De flesta HAdVs använder sig av integrinerna αVβ3 och αVβ5 för transport 

in i cellen. Dock uttrycks inte αVβ3 och αVβ5 integriner på ögonens 

hornhinna, som är den vävnad som EKC-orsakande HAdVs infekterar. 

Genom att behandla humana hornhinneepitel-celler (HCE-celler) med 

olika komponenter kunde vi konkludera att integrinerna, α3 och αV är 

viktiga för att infektion av EKC-orsakande HAdVs.  

Genom detta arbete har jag identifierat tidiga cellulära 

interaktionspartners, och där igenom ökat förståelsen för hur HAdVs 

orsakar EKC, samt utvecklat och utvärderat nya läkemedelkandidater med 

förmåga att hindra EKC-orsakande HAdVs för att binda till och infektera 

ögonceller.  
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Aims of the thesis 

Overall aim: The overall aim of this work was to better understand the 
early host-cell interactions of EKC-causing adenoviruses. 

Aim 1: Identify and characterize the cellular receptor(s) used by EKC-
causing adenovirus.  

Aim 2: Evaluate the inhibitory effect of tri- and tetravalent sialic acid-
containing compounds on HAdV-37 binding to and infection of human 
corneal epithelial cells.  

Aim 3: Identify and characterize tissue specific expression and function of 
integrins during HAdV-37 infection of ocular cells.  
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Introduction:  

History 

Searching for the causative agent of an acute respiratory infection in 1953, 

Rowe et al. isolated human adenoviruses (HAdVs) from adenoid tissue. [1]. 

Shortly after this discovery, Hilleman and Werner identified HAdV as the 

causative agent of a respiratory disease affecting military recruits [2]. HAdVs 

can also infect eyes, gastrointestinal tract, urinary tract, and liver [3]. Some 

HAdVs can also cause a severe and contagious ocular disease called epidemic 

keratoconjunctivitis (EKC). Referring to EKC as keratitis punctate 

superficialis in 1889 Austrian doctors were first to clinically describe EKC 

[4]. Soon EKC was described in case reports from other countries all over the 

world such as United Kingdom, Japan and the USA [5-7]. Affecting 226 

people the first reported outbreak occurred in Bombay (today Mumbai), 

India in 1901 [8].  Between 1900 and the 1930s, EKC was primarily 

described in the Indian subcontinent. During the 1930s the first outbreak in 

the USA was reported at a hospital in California [9]. In 1941, a shipyard in 

Hawaii reported a large outbreak of EKC (10,000 cases) [10]. As similar 

outbreaks were reported at other US shipyards the disease was quickly 

termed “shipyard eye” [11, 12]. After being called by several names (e.g 

superficial punctate keratitis, keratitis subepithelialis, keratitis nummularis 

and keratitis disciformis [4-9, 13]), in 1942 the disease was given its current 

name, epidemic keratoconjunctivitis [14]. In 1955, a first causative agent of 

EKC was isolated and named human adenovirus type 8 (HAdV-8) [15]. Over 

the years, more HAdV types have been isolated from EKC patients: HAdV-19 

(1959) [16], HAdV-37  (1976) [17], HAdV-53 (during 1980s) [18], HAdV-54 

(2000)  [19], and HAdV-56 (2008) [20]. Historically, of these six types 

HAdV-8, HAdV-19 and HAdV-37 have been considered to be major 

causative agents of EKC.  

In addition to being identified as a human pathogen, HAdVs have been used 

to investigate many scientific questions, such as viral and cellular gene 
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expression and regulation, DNA replication, cell cycle control and cellular 

growth regulation. To date, the most significant scientific contribution by 

HAdV-related research was the discovery of messenger RNA (mRNA) 

splicing by Sharp and Roberts in 1977 [21, 22]. For this discovery of they 

received the Nobel Prize in physiology/medicine in 1993. Today HAdVs are 

frequently used as vectors in gene therapy, cancer therapy and for vaccine 

development [23]. In the future HAdVs may also be important tools for 

treatment of cancer, genetic diseases, and prevention of other infectious 

diseases such as the ongoing development of a vaccine against the ebola 

virus [24]. 

Taxonomy and clinical /pathological aspects 

Taxonomy 

According to the International Committee of Taxonomy of Viruses (ICTV) 

[25], the family Adenoviridae consists of five genera: mastadenovirus (AdV 

isolated from mammals), aviadenvirues (birds), atadenoviruses (reptiles and 

birds), ichtaadenovirus (fish), and siadenovirus (frog). The 56 HAdV types 

belong to the genus mastadenovirus and include seven species (A-G) with 

species D representing the majority of EKC-causing HAdVs (Table 1). 

Historically, the classification of HAdVs is based on their ability to 

agglutinate erythrocytes, oncogenicity in rodents, DNA homology and 

tropism. For example species A HAdVs are characterized by high 

oncogenicitity in newborn hamsters as compared to species B, C and D [26]. 

HAdVs are also classified into serotypes based on resistance to 

neutralization by antisera against already known HAdV types. The serotypes 

are placed into different species depending on features such as: A) lack of 

cross-neutralization, and B) if the phylogenetic distance is more than 15% 

[25]. These methods have been used to classify HAdV-8, HAdV-19, and 

HAdV-37 as individual serotypes. However, during the last few years three 

additional EKC-causing HAdVs have been detected: HAdV-53, HAdV-54 and 

HAdV-56 [18-20, 27]. HAdV-53 is serologically related to HAdV-22 but the 
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fiber share similarities with HAdV-8 [19]. Similar to HAdV-8, HAdV-54 is 

neutralized by HAdV-8 specific antibodies [27]. HAdV-56 shows serological 

similarities with four other HAdVs (HAdV-9, HAdV-15, HAdV-26 and 

HAdV-29) [20]. HAdV-53, HAdV-54 and HAdV-56 have not been classified 

based on serology, but instead they are characterized based on whole 

genome sequencing and bioinformatic analysis and are referred to as 

genotypes or types [28]; However no consensus has emerged on how to 

classify new types  beyond HAdV-51 [28, 29].   

Clinical and pathological aspects 
 

HAdVs resist physical and chemical agents, and can remain infectious at 

room temperature up to three weeks [3]. Due to their environmental 

resistance HAdVs can be spread in many different ways such as person-to-

person, through water, or surfaces such as door knobs and equipment [3]. 

Although HAdV infections can be asymptomatic, they are also common 

causative agents of respiratory, ocular and gastrointestinal diseases (Table 1) 

[3]. It is estimated that HAdVs cause about 3% of all infections among 

civilian populations and 7% if only febrile illnesses are calculated [30]. 

HAdVs have also been reported to cause disease in urinary bladder, the liver, 

and in rare cases pancreas [31] and heart [3]. HAdV-1, HAdV-2, HAdV-5, 

and HAdV-6 (species C) are common causative agents of respiratory disease 

in children but rarely in adults. Respiratory diseases in adults are more often 

caused by HAdV-3 and HAdV-7 (species B) [3].  In children younger than 

five 5 years old, HAdVs account for 5 % of all upper respiratory tract 

infections [32], such as acute respiratory disease (ARD), a disease, which is 

also common among military recruits as the result of crowded living 

conditions and strenuous training [33]. ARD are mostly caused by HAdV-4 

and HAdV-7 and in rare cases by HAdV-3. In addition HAdV-3, HAdV-7 and 

HAdV-14 are the causative agents of a disease with respiratory symptoms 

accompanied with conjunctivitis referred as pharyngoconjunctival fever 

(PCF) [3].  
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Many HAdV types are associated with diarrhea and have been isolated from 

stool samples, with HAdV-40 and HAdV-41 as the most common types 

associated with gastrointestinal disease [34-37]. In children, HAdV-40 and 

HAdV-41 are common causes of diarrhea (8,0% of all cases Sweden [38], 

6,9% in USA [39], 1,5% in Brazil [40] and 10,8% in Shenzhen in China [41]).  

Table 1. Classification and tropism of human adenoviruses. 

 

 

In otherwise healthy individuals, HAdV infections are mostly mild but in 

immunocompromised patients, they can cause severe and even lethal 

diseases. HAdVs are frequently isolated in immunocompromised patients, 

where the infections last longer and are more severe, and result in more 

death [42]. Here, HAdVs from species A, B and C are the most commonly 

isolated. Types of all the HAdVs, species A HAdV-31 causes most deaths 

[43]. HAdV-35 has been shown to cause fatal cases among pediatric patients 

[44]. Strikingly, several new types belonging to species D HAdVs have been 

isolated from AIDS patients (HAdV-42 to HAdV-47) [45, 46]. 

Species Type Tropism 

A 12, 18, 31 Intestine  

B1: 

 

B2: 

3, 7, 16, 21 

 

11, 14, 34, 35, 50, 55 

Respiratory tract, eye 

 

Respiratory tract, eye, 

urinary tract 

C 1, 2, 5, 6  Respiratory, 

lymphoid 

D 8, 9, 10, 13, 15,17,19,20, 22-

30, 33, 36-39, 42-49, 51, 53, 

54, 56  

Eye, intestine  

E 4 Respiratory tract, eye 

F 40, 41 Intestine 

G 52  Intestine 
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Epidemic keratoconjunctivitis (EKC) 

EKC is a severe and contagious ocular disease, with symptoms such as 

tearing, redness, foreign body sensation, photophobia, lid swelling, follicular 

hypertrophy, edema, hyperemia, small petechial hemorrhages, and 

decreased vision [47-49]. In more severe cases, symptoms include formation 

of pseudomembranes, iritis, and in rare cases increased intraocular pressure, 

[50] and subconjunctival hemorrhages [51]. EKC is often bilateral, i.e. the 

infection spread from one eye to the other, but in 25% of the cases EKC is 

unilateral (only affecting one eye) [52]. Typically, the infection in the first 

eye lasts for approximately 14 days and in total the acute disease is cleared in 

18 to 21 days after onset. 

The clinical patterns of EKC with viral replication in cornea are well 

documented [48, 49] (Figure 1a-c).  

 

Figure 1a. The first symptoms appears three to four days post infection and 

includes follicular conjunctivitis, diffuse punctate keratitis, and foreign body 

sensation [53].  
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Figure 1b. After one week, fluorescein staining can reveal small irregular 

lesions on corneal epithelium. These irregularities/lesions cause other 

symptoms such as irritation, tearing and photophobia, which are present 

through the second week of infection [53].  

 

Figure 1c. During the second and third week, immune cells invade the 

affected area and form subepithelial infiltrates, which are hallmark of EKC. 

These infiltrates appear as greyish-white dot and are visible with the naked 

eye when illuminated. The infiltrates decrease vision, but usually disappear 

after a few weeks or months. Some patients may experience decreased vision 

for as long for several years [48].  
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Six HAdVs cause the more common, severe form of EKC: HAdV-8, HAdV-19, 

HAdV-37, HAdV-53, HAdV-54, HAdV-56. The most frequently detected 

viruses vary from year to year. Historically, the most common types are 

HAdV-8, HAdV-19, and HAdV-37. HAdV-4 can also cause a milder form of 

EKC [47, 54]. The other HAdVs that cause EKC are HAdV-53, HAdV-54, and 

HAdV-56; these HAdVs are recently identified as additional EKC-causing 

viruses and share homology with other HAdVs [18-20, 27]. Outbreaks of 

EKC have been reported from around the world such as USA [55], Germany 

[56, 57] and Japan [18-20, 27, 54]. In these countries different HAdV types 

cause EKC. In a report from USA, HAdV-8 and HAdV-19 was described as 

the most common causes of EKC during 2008-2010 [55], whereas in 

Germany the numbers of cases have increased by 250% between 2008 and 

2010, caused mainly by HAdV-8 and HAdV-37 [57]. In Japan, multiple 

outbreaks have been reported describing HAdV-4, HAdV-19 and HAdV-37 

as causative agents [18] and 500,000 to one million cases are reported every 

year [54, 58]. Outbreaks of EKC often start in eye clinics or similar facilities 

or in schools or military bases [47]. Although these large numbers of cases 

lead to significant socioeconomic losses and suffering [54], no antiviral 

treatments for EKC are available.  

 

Corneal structure and anatomy 

The cornea has three main functions: as barrier and protection for the eye, 

for filtration of specific ultraviolet wavelengths, and for refraction. The 

cornea is a transparent tissue, which is important for maximization of the 

refraction of light. To achieve this transparency, the cornea has no blood 

vessels. The cornea consists of five layers: epithelium, Bowman’s layer, 

stroma, Descemet’s membrane, and endothelium (Figure 2).  
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Figure 2. The cornea with its five layers: epithelium, Bowman’s layer, 

stroma, Descemet’s membrane, and endothelium, these layers function as a 

barrier, filter, and for refraction of light. The illustration was reprinted with 

permission from the publisher [59]. 

 

The epithelium consists of 5-7 cell layers and, together with the film of tears, 

helps to protect the eye. It is also responsible for absorption of oxygen and 

nutrients. Three different cell types make up the epithelium: a monolayer of 

basal cells (closest to Bowman’s layer), wing cells, and squamous/superficial 

cells (the outermost cell layer closest to the tear film) [60, 61]. The 

squamous/superficial cells that are in contact with the tear film have 

microvilli, which increase the surface area and give a closer contact with 

tears [61, 62]. The basal cells are the only dividing cells, which lose their 

dividing capability as they are moving towards the tear film [61, 63]. The 

basal cells are attached to Bowman’s layer, which is mainly composed of 

collagen. The stroma accounts for almost 90 % of the thickness of the cornea 

and is mainly composed of water, collagen, keratinocytes/fibroblasts, and 

even glycosaminoglycans and proteoglycans [60].  The stroma contributes to 

strength and elasticity, and regulates transport of nutrients and other 

components between stroma and endothelial cells, which could be compared 

with a circulation system. Descemet’s membrane is a thin and strong tissue 

mainly consisting of collagen, and is located under the stroma. This 
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membrane functions as a barrier, to protect the cornea from injuries. The 

Descemet’s membrane is responsible for transportation of nutrients and 

maintenance of optimal hydration to prevent corneal edema [62]. The inner 

layer of the cornea is the endothelium, which regulates transport of fluids 

and other components such as leukocytes.   

Structure and function of adenovirus capsid 
proteins 
 

HAdVs are noneveloped, double-stranded DNA viruses with a protecting 

icosahedral capsid. The capsid is approximately 90 nm in diameter, has a 

mass of 150 MDa and is exclusively composed of proteins. Eleven structural 

proteins, called II-XII according to their molecular weight, have been 

identified using SDS-PAGE analysis [64]. The 12 vertices are equipped with 

protruding fiber proteins [65] (Figure 3).  
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Figure 3. HAdV structure with major and minor structural capsid proteins 

and the core proteins. The illustration was reprinted with permission from 

the publisher [66].    

Function of major capsid proteins  

Hexon protein (pII) 

Consisting of over 900 amino acids (aa:s), the hexon the most abundant 

(240 trimers) and the largest capsid protein. A monomeric hexon consists of 

two antiparallel β-barrels, stabilized by an internal loop and three protruding 

loops located on the external side (Figure 4a) [67]. Based on the location in 
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the capsid, the hexon is divided into four groups dependent on function and 

position: H1, H2, H3, and H4, [68]. H1 interacts with the penton base at the 

capsid vertices. The capsid has 60 H1 units, which corresponds to one 

H1/penton base monomer. The H2, H3 and H4 are clustered together and 

form a unit called group of nine (GON). At the top of the hexon surface there 

are nine hypervariable regions (Figure 4a). These hypervariable regions are 

shaped as α-helixes/jelly rolls [69] and constitute type-specific epitopes for 

neutralizing antibodies that are unique for each serotype [67, 70, 71]. Hexons 

can interact with coagulation factor IX or X, thus enhancing the ability of 

HAdVs to infect of hepatocytes or other cells [72-74].  

Penton base (pIII) 
 

The penton base, a homopentameric protein, is located at the base of each 12 

vertice (Figure 3 and 4). The penton base consists of 572 aa:s (the size 

differs from type to type) that forms two domains, a lower and an upper 

domain. The lower domain has a jelly roll form, generated by two to four 

stranded anti-parallel β-sheets that form a β-barrel. The upper domain has 

two insertions that change the folding compared to the lower domain. One of 

these insertions contains the RGD (Arg-Gly-Asp) loop (Figure 4b), which is 

involved in internalization of the virus into the cell through interactions with 

cellular integrins [75] and helps the virus to escape from the endosome [76]. 

The RGD-motif is shared by all HAdVs except HAdV-40 and HAdV-41 [77]. 

Instead this two viruses has other motifs in this loop HAdV-40 have RGAD 

(Arg-Gly-Ala-Asp) and HAdV-41 have IGDD (Ile-Gly-Asp-Asp), which may 

result in usage of alternative internalization pathways than HAdVs that use 

RGD [78]. Together with fibers, penton base protein can form a smaller 

structure called dodecahedrons, which can interact with a number of cellular 

proteins such as Desmoglein-2 [79] and ubiquitin ligases (WWP1, WWP2 

and AIP4) [80]. These ligases interact with the penton base xPPxY motifs; 

the mechanisms and importance of these interactions are not fully 

understood. The penton base has a pore in the center of the complex, which 
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is where the interaction with the N-terminal domain of the protruding fiber 

binds [81].  

 

Figure 4. Structure of the major capsid proteins. a) Position of seven of the 

nine hypervariable loops in the HAdV-5 hexon. b) A cryo-EM image of 

HAdV-5 penton base with its five monomers and the location of the RGD-

loop. c) Composition of the HAdV-35 fibers with three monomers visualized 

in green, red and blue. d) HAdV-2 fiber in atomic structure with positions of 

receptor binding sites for CAR, CD46 and heparan sulfate. The illustration 

was reprinted from with permission from the publisher [66].    

Fiber protein (pIV) 

The fiber, is a trimeric protein anchored to the capsid via the conserved N-

terminal tail FNPVYPY [81-83]. The structure of the fiber can be divided into 

three regions: i) the N-terminal tail, ii) the central shaft and iii) the terminal 

knob domain. The number of aa:s in the fiber differs from type to type as the 
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fiber is constructed from different number of repeats, ranging from six 

repeats in HAdV-3 [84] to 23 repeats in HAdV-12 [66]. These repeats consist 

each of 15-20 aa:s (Figure 4c). HAdV-40, HAdV-41, and HAdV-52 express 

two different fibers, one short and one long, with different receptor 

specificities [85-87]. Species C HAdVs have a KKTK motif, which can bind to 

heparan sulfate glycoaminoglycans (HSGAGs). This interaction can mediate 

CAR-independent virion binding to cells [88, 89]. The C-terminus consists 

of about 180 aa:s of the fiber and forms a globular head, also called the knob. 

The most well studied HAdV receptors are CAR and CD46. These receptors 

interact with the fiber through a number of loops DG, HI and AB, which are 

located on the side of the knob (Figure 4d) [90, 91]. Structural studies of 

CD46:HAdV-11 knob complexes revealed that interactions with the knob 

induces a fundamental conformational change of CD46 [92]. This change 

has not been observed for CAR. EKC-causing HAdVs bind to sialic acid (SA), 

and the interaction occurs at three SA-binding sites located at the top of the 

knob [93]  

Function of minor capsid proteins  

This group of proteins is less studied compared to the major capsid proteins. 

Their main function is to support assembly and the stability of the capsid by 

acting as cement.  

Protein IIIa (pIIIa) 

The exact function of pIIIa is not known. However, the protein consists of 

570 aa:s and has a of molecular weight of 65,5 kDa. pIIIa contains many 

helices, at both the N-terminal and C-terminal domain of the protein [69]. 

The protein contains multiple phosphorylation sites that are phosphorylated 

early during infection [94-96]. It is not fully understood how these 

phosphorylations affect HAdV life cycle. Located on the inside of the capsid, 

pIIIa seems to act as a stabilizer by interacting with the penton base, the 
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hexon and pVIII [97]. The N-terminal domain of pIIIa have been reported to 

support viral genome packaging [98].   

Protein VI (pVI) 

pVI  is involved in many events during the HAdV infection. pVI is located on 

the internal side of the capsid and consists of 206 aa:s resulting in a 

molecular weight of 22 kDa. The exact position within the capsid is not 

known, but it has been suggested to interact with peripentonal hexons based 

on x-ray crystallography [99, 100]. This location was recently confirmed, and 

the form of pVI was shown to be a propetide [101]. However, cryo-EM 

studies suggest that the pVI is located in the central cavities of the hexon 

protein [102, 103]. pVI is active during virus escape from the endosome, by 

interacting with the endosome membrane through its N-terminal 

amphipathic helix [104-106]. After escaping from the endosome, the virion 

moves toward the nucleus along the microtubule network help of the PPxY 

motif [107]. This motif is also able to activate gene expression [108]. The C-

terminal domain interacts with importin α/β, resulting in entry into the 

nucleus [109]. pVI contains two nuclear-locations signals (NLS) and two 

nuclear export signals (NES), which are proteolytically removed during 

maturation [109, 110].     

Protein VIII (pVIII)  

Very little is known about the function of pVIII (molecular weight 25 kDa). 

Mutation of pVIII results in a thermolabile phenotype, suggesting that pVIII 

contributes to capsid stability [111]. Studies of pVIII in porcine adenovirus 

type 3 show that pVIII interacts with the packaging protein IVa2, suggesting 

an involvement in genome packaging [112]. Both cryo-EM and 

crystallographic atomic structure investigations have confirmed that the 

position of pVIII is at the internal side of the capsid [97, 102]. pVIII exists in 

two independent monomers; one interacts with pIIIa and hexon and one 

with pIX and hexon [113].  
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Protein IX (pIX)  

With a molecular weight of 14,3 kDa and consisting of 139 aa:s, pIX is the 

smallest of the minor capsid proteins and is only found in mastadenovirus 

genus [114]. pIX interacts with hexons, and is located in the cavities formed 

between the peaks of hexons [99, 100]. The monomeric structure of pIX is α-

helical, which forms trimers with its leucine-zipper domain. The trimeric 

structure has a supercoiled structure with three extended arms [64, 114]. pIX 

interacts with hexons, and has been called the capsid cement because it 

stabilizes the capsid [115]. HAdV-5 that lacks pIX, still propagates in same 

way as wild type viruses but cannot form GONs properly and is heat-

sensitive [116, 117]. Studies revel that viruses that express the trimeric N-

domain of pIX are heat-stable [114]. One study suggests that pIX may be 

involved in modulation of virus tropism or interferes with immune 

responses [118]. pIX seems to be important for viral entry as well as 

transport via the microtubule network [119, 120]. pIX also act, as a 

transcriptional activator of major late genes [121, 122]. Some studies support 

and some oppose the idea that pIX are involved in packaging of the HAdV 

genome [123, 124]. 

Adenovirus core proteins and non-structural proteins 

Unlike bacteriophages most HAdVs do not have a well-ordered symmetry of 

its DNA [125, 126]. The HAdV genome consists of linear double-stranded 

DNA of approximately 36 kb. The core consists of with five proteins: 

terminal protein (TP), pV, pVII, µ and pIVa2. TP binds to the 5’ end of the 

viral DNA and helps initiate viral replication [127, 128]. With about 800 

copies/virion, pVII is the most abundant protein in the virion. Together with 

protein µ, pVII is responsible for packaging of the genome into nucleosome-

like structures [129-131]. Some studies suggest that pVII is involved in virus 

transport into the nucleus due to the NLS-containing regions found in the 

protein [132].  pV has only been found in mastadenoviruses, and connects 

the core to the capsid by interacting with pVI, pVII, and/or DNA [133, 134]. 
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As with pVII and µ, pIVa2 can interact with DNA, but pIVa2 is sequence 

specific in its binding to DNA. In addition, pIVa2 is also involved in 

activation of the major late promoter and is responsible for the specific 

packaging of DNA [135].  

The virion contains about 30 different non-structural proteins. The function 

of all these proteins are not well described but most of them, have catalytic 

or regulatory responsibilities [25]. As these proteins are expressed in low 

copy numbers, their functions in the virion are difficult to study. Of these 30 

different non-structural proteins only two have been studied in detail: DNA 

binding protein (DBP) and viral protease. DBP binds to single-stranded 

DNA, protects it from nuclease digestion [136], and destabilizes the double 

helix during the DNA replication [137]. DBP includes two domains [138-

140]: the N-terminal region contains NLS motif, for transportation into the 

nucleus [141] and the highly conserved C-terminal binds to DNA and is 

involved in DNA replication [142]. The HAdV protease is the only known 

protease to require DNA for maximum activity [143]. The protease is an 

endopeptidase, an enzyme that plays a vital role in capsid assembly of 

infectious particles [144]. Each virion contains 10-30 individual proteases 

[145] and protease mutants inhibit virions from establishing an infection 

[146]. Most of the minor capsid and the core proteins are cleaved by the 

protease during viral maturation.  
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Adenovirus infection and life cycle 

Attachment 

The primary attachment between virus and host cell is the start of the viral 

infection and life cycle. Attachment occurs through interactions with one or 

more cellular receptors. HAdV binds to and interacts with several 

membrane-bound or soluble proteins, producing a way for the virus to enter 

the host cell. The receptors usage depends on HAdV types and species 

(Figure 5, Table 2).   

 

 

Figure 5. Illustration of the cellular receptors used by different HAdV 

species. The illustration was reprinted with permission from publisher [147]. 
 

 
 
 
 

 

 

Membrane cofactor protein (MCP or CD46) and
desmoglein-2 (DSG2)
CD46 belongs to the protein family named regulators of
complement activation (RCA) and its main function is to
protect healthy (noninfected) cells from complement-
mediated degradation. Thus, in humans CD46 is expressed
on all nucleated cells. Specific species B adenoviruses use
CD46 as a high (or low) affinity receptor [26–29], suggest-
ing that corresponding oncolytic vectors could be used to
target cancer cells expressing CD46. Accordingly, adeno-
virus-based vectors equipped with species B adenovirus
type 35 fibers have been shown to transduce liver metas-
tases in vivo in a CD46 affinity-dependent manner [30],
and similar vectors prevent breast cancer tumor growth
more efficiently than standard Ad5-based vectors [31].
Moreover, complement activation mediated by specific
antitumor antibodies kills cancer cells, but several types
of cancer cells develop resistance to this mechanism by
overexpressing RCA members including CD46 [32]; how-
ever, CD46-binding proteins, such as the knob domain of
the Ad35 fiber, have been demonstrated to downregulate
the cell surface expression of CD46 [33]. This feature has

been exploited by means of Ad35 fiber knob proteins with
high affinity for CD46 that are able to increase the in vivo
cytotoxicity of lymphoma cells exerted by the CD20-specific
monoclonal antibody rituximab [34]. Whereas CD46 is
expressed apically on some [35,36] but not all [37] normal,
polarized epithelial cells, it has been noted that in epithe-
lial tumors originating in the ovaries, CD46 is expressed
mainly in cellular junctions and is thereby inaccessible for
CD46-targeted oncolytic vectors [38]. This result may be
the case also for epithelial tumors from organs other than
the ovaries. In such cases, there is a risk that adenovirus
vectors that target CD46 may not be more efficient than
vectors that target CAR. The structural features of the
species B adenovirus–CD46 interaction have been ana-
lyzed in great detail [28,39,40], allowing specific point
mutations to ablate CD46 interactions and subsequent,
specific retargeting of such vectors.

Whereas some species B adenoviruses use CD46 as the
main or only receptor, it has been known that other species
B adenoviruses use another or an additional receptor
[26,27,41,42]. This receptor was recently identified as
DSG2 [43], which is a cell adhesion molecule similar to
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Figure 1. Illustrations of the best-characterized receptors used by human adenoviruses. Abbreviations: CAR, coxsackie and adenovirus receptor; CD46, also known as
membrane cofactor protein; DSG2, desmoglein-2; FIX/FX, coagulation factor IX and X, respectively. The structures of CAR, CD46, FIX/FX, and integrins have been
determined in more or less detail [89–92], but the structures of the remaining molecules have not been described to any larger extent and should therefore be considered as
models. Lines are drawn from the host molecules to the interacting capsid protein. Encapsulated: illustration of an adenovirus particle, highlighting the capsid proteins
known to interact with host molecules.
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Table 2. Identified cellular receptor for human adenoviruses. 

 

 

Species Type Receptors 

A 12, 18, 31 CAR [90] 

B1: 

 

 

 

 

B2: 

3, 7, 16, 21 

 

 

 

 

1, 14, 34, 35, 50 

Desmoglein 2 [79] 

CD80, CD86 [148] 

CD46 [149] 

Heparan sulfate 

[150] 

 

CD46 [149, 151] 

Desmoglein 2 [79] 

CD80, CD86 [148] 

C 1, 2, 5, 6  CAR [90, 152] 

Heparan sulfate [88] 

VCAM-1 [153] 

MHC-1 [154] 

Scavenger receptor 

A-II [155] 

D 8, 9, 10, 13, 15,17,19,20, 22-

30, 33, 36-39, 42-49, 51, 53, 

54,  

CAR [90] 

Sialic acid [156] 

GD1a glycan [157] 

CD46 [158] 

E 4 CAR [90] 

F 40, 41 CAR [90] 

G 52  Sialic acid [87] 
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Coxsackievirus and adenovirus receptor, CAR 

 
CAR is a type 1 transmembrane protein belonging to the immunoglobulin 

superfamily. CAR belongs to a subgroup of proteins that share a common 

structure in the extracellular domain with one V (variable) and one C 

(conserved) Ig-loop, a transmembrane domain, and a cytoplasmic C-

terminal tail [159] (Figure 6). At least two isoforms exist, CAREx7 and 

CAREx8. These two isoforms differ in their intracellular C-terminal domain, 

which differs in both human- and mouse-CAR [160, 161]. The extracellular 

domain consists of two immunoglobulin-like domains called D1 and D2 

(Figure 6).  

 

 
Figure 6. Structure of CAR with its two extracellular domains consists of 

two immunoglobulin-like domains (D1 and D2), a transmembrane domain 

and a cytoplasmic, C-terminal domain. The illustration was reprinted with 

permission from the publisher [162]. 

 

CAR functions as a tight junction protein, where the cell-to-cell contact is 

generated by homo-dimer interaction between the two D1 domains [162]. 

Adenovirus interaction with CAR is mediated by
an elongated fiber protein projecting from the virus
capsid; a globular bfiber knobQ makes contact with
the receptor. Ad fiber binds to CAR with high
affinity (1 nM) [18] at a site similar to that involved
in dimerization [9,10]; fiber interaction with CAR
might thus disrupt the low-affinity D1–D1 associa-

tion (Fig. 2A). In fact, Ad fiber has been shown to
dissociate CAR-mediated epithelial cell junctions
[19], although the mechanism by which this occurs
is not certain.

The adenovirus fiber knob is a trimer, with
globular knob domains arranged in a trefoil at its
tip. The crystal structure of CAR D1 in association
with the fiber knob reveals that three D1 domains
bind to the outside of the knob [9]. In contrast,
CVB attachment to CAR involves insertion of the
D1 domain into a depression (or bcanyonQ) on the
virus surface [8]. Thus, whereas the D1 residues
involved in Ad interaction are clustered on one
face of the domain, residues in contact with
coxsackievirus are more widely distributed. The
residues critical for CAR D1 homodimerization and
for interactions with Ad and CVB3 are shown in
Fig. 2.

2.2. CAR gene and splice variants

The gene encoding human CAR is located on
chromosome 21q11.2 and is composed of seven
exons [20]. The murine CAR gene is located on a
portion of mouse chromosome 16 that is syntentic
to the region of chromosome 21 that encodes
hCAR [21]. The transcription initiation site has
been mapped at approximately 150 bp before the
ATG translation signal [22] and promoter elements
have been identified approximately 150 bp
upstream of the ATG. A number of potential
CAR splice variants have been identified by cDNA
cloning and RT-PCR [21,23]. Several of these
(referred to as CAR2 and CAR3 in Fig. 3) would
encode transmembrane proteins with an intact
extracellular domain, but with modifications of
the cytoplasmic domain. RNA encoding CAR 2
has been found in a number of tissues [24,25], but
expression of CAR 3 appears to be restricted to
the murine heart [26]. Although several of the
splice variants have been produced in cells trans-
fected with appropriate cDNAs, it is not clear
which of the alternative proteins are produced in
vivo, nor is their possible function understood. A
soluble form of CAR has been detected in human
pleural fluid and in mouse serum, and has been
shown to interfere with Ad-mediated gene delivery
[27] and coxsackievirus infection [28] and CAR-

Fig. 1. CAR structure and sequence homology. (A) Schematic of

CAR structure, showing extracellular Ig-like domains 1 and 2,

the transmembrane region, and the cytoplasmic domain. D1 is

based on CAR crystal structure (PDB 1EAJ) and D2 is based on

the homologous JAM D2 structure (PDB 1NBQ). (B) Amino

acid sequence alignment of the C-terminus of CAR family

members. Basolateral sorting signal and PDZ-binding motif are

underlined.

C.B. Coyne, J.M. Bergelson / Advanced Drug Delivery Reviews 57 (2005) 869–882 871
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Within the tight junction CAR is associated with zonula occludens-1 (ZO-1), 

a protein that function as, a linker and a communicator between the cells 

[159, 163-165]. The cytoplasmic tail of CAR contains PDZ (Postsynaptic 

density 95; Discs large, Zonula occludens-1,) binding motifs and is a protein-

protein interaction site. CAR has been shown to interact with MUPP1, 

MAGI-1b, PICK1 and PSD-95 through this domain [166, 167]. The functions 

of these interactions are not totally clear, but they may be involved in 

localization of CAR [167, 168]. 

 

CAR is named on the basis of its function as a cellular receptor for species B 

coxsackieviruses and species C adenoviruses [152]. CAR functions as a 

cellular receptor in vitro for multiple HAdVs, but not for species B HAdVs 

[90]. The affinity of the CAR:HAdV knob interaction has been determined by 

surface plasmon resonance (SPR) to be on a low nM level [169].  However, it 

is not clear whether CAR is a receptor for HAdVs in vivo, as the protein is 

not available/expressed at the apical side of polarized cell [159].  In addition, 

the expression of CAR within human tissues does not to correlate with 

HAdVs tropism. HAdVs that bind to CAR causes respiratory tract, ocular and 

gastrointestinal tract infections. CAR is expressed in high levels in tissues 

such as testis, prostate and heart and is expressed in low levels in kidney, 

lungs and leucocytes. However, one splice variant of CAR, CAREx8 is 

expressed on the apical side on polarized cells and has been proposed to 

function as an apical receptor [170]. The tissue distribution of CAREx8 is not 

clear.  

 

Another, interesting aspect is that soluble HAdV fibers disrupt CAR-CAR 

interactions [171]. This disruption triggers HAdV-5 uptake/entry in neurons 

and neuronal cells [172], and initiates cell signaling through 

phosphatidylinositide 3-kinase (PI3K) [173]. Knob-CAR interaction can also 

generate an inflammatory response in human respiratory cells [174]. CAR is 

also a regulator of expression and activation of integrins, a transmembrane 

receptor that function as co- receptor for many HAdVs [175, 176]. CAR is 

also important during the early development of the heart [177, 178].  
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CD46 

CD46 belongs to the family of regulators of complement activation (RCA). 

CD46 is a type I transmembrane glycoprotein, a protein that is expressed in 

most tissues. At least four isoforms are generated by alternative gene 

splicing (Figure 7). The extracellular structure of CD46 consists of four 

domains (1-4), referred to as complement control proteins (CCPs) or short 

consensus repeats (SCR). The region closest to the membrane is the STP 

(serine-threonine-proline) rich domain, which contains high amounts of O-

linked glycans. The size of this region varies depending on the type of 

splicing variant (BC or C). As CAR, CD46 also has a transmembrane domain 

and cytoplasmic domain. The cytoplasmic domain has two splice variants 

Cyt1 and Cyt2; these variants contain different motifs involved in signaling 

and downstream functions (Figure 7).   

 

CD46 regulates the activation of the complement system by serving as a co-

factor for the serine protease factor I, inactivating the ability of C3b and C4b 

to bind to host cells [179, 180]. CD46 regulates cytoskeleton formation and is 

involved in epithelial barrier maintenance [181]. CD46 is also been 

associated with different cellular proteins such as β1-integrins [182, 183], 

tetraspans [182, 183] and Drosophila tumor suppressor (DLG4) [184, 185]. 

In addition to importance of complement regulation CD46 also functions as 

cellular receptor for species B HAdV, and may also be a receptor for species 

D HAdV-37 [158]. Unlike CAR, CD46 is expressed on the apical surface of 

epithelial cells [186]. Structural studies show that HAdV-11 interact with the 

membrane distal CCP1-2/SCR1-2 of CD46 (Figure 7). This study also shows 

that the interaction generated a conformation change of CD46 [92]. The 

affinity of species B HAdV:CD46 interaction ranges from nM to mM 

depending on the HAdV type [187-189]. In addition to HAdVs, CD46 is a 

cellular receptor for many other pathogens, such as measles virus, bovine 

viral diarrhea virus, human herpes virus -6, Streptococcus spp., and 

Neisseria spp. [190-194]. 
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Figure 7. The four most common splice variants of CD46. These variants 

differ in the STP domain (with or without B segment) or in the cytoplasmic 

tail (Cyt1 or Cyt2). The two cytoplasmic tails contain different motifs that are 

involved in different cellular events. The illustration was reprinted with 

permission from the publisher [195]. 

Desmoglein 2 

Desmoglein-2 (DSG-2) belongs to the cadherin family, which are calcium-

binding, transmembrane glycoproteins. As CAR, DSGs function as tight 

junction proteins, but is also an important component of desmosomes. 

Desmosomes provide cell-to-cell adhesion through binding between DSG 

and DSG, DSG and desmocollin, or desmocollin and desomocollin. [196]. 

DSG and desmocollin are anchored to the cellular filaments through the 

mitogen-activated protein kinase Erk [27] and the adaptor
proteins p120CLB and LAT [28]. The biological conse-
quences of CD46 signaling in human primary CD4C

T cells include the T-cell receptor (TCR)-dependent
induction of proliferation (greater than CD3/CD28 stimu-
lation) [11,28] and the development of a T regulatory cell 1
(Tr1) phenotype [11]. This observation is supported by a
study from Marie et al. that analyzed the effect of CD4C

T cells on T cell-mediated immune responses in mice
transgenic for human CD46. This group generated mice
that expressed human CD46 with either cytoplasmic tail 1

(CD46–1) or tail 2 (CD46–2) and found that CD3-activated
CD4C T cells from CD46–1 animals proliferate strongly,
produce interleukin (IL)-10 and inhibit contact hypersen-
sitivity reaction (CHS). By contrast, CD3-activated T cells
from CD46–2 mice showed weak proliferative capacity,
produced low amounts of IL-10 and increased CHS [29].
Thus, this system also generated CD46-induced T cells
with an immunoregulatory capacity. Taken together, these
findings establish a role for CD46 in regulating human
T cells and suggest a novel link between the complement
system and cellular immunity.
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cytoplasmic proteins desmoplakin I and II [197] and plakoglobins [198]. 

DSG-2 is found in almost all human tissue [199].  

DSG-2 has been shown to function as a cellular receptor for species B 

HAdVs; HAdV-3, HAdV-7, HAdV-11, and HAdV-14 [79]. Species B HAdVs 

can be divided into three groups depending on which receptor they use: (1) 

HAdV-16, HAdV-21, HAdV-35, and HAdV-50, which almost exclusively use 

CD46 as a cellular receptor; (2) HAdV-3, HAdV-7, and HAdV-14, which use 

the DSG-2 as cellular receptor; and (3) HAdV-11, which uses CD46 when it is 

available but uses DSG-2 as cellular receptor if CD46 is not available. 

However, a recent study has shown that HAdV-3 and HAdV-7 use CD46 as a 

cellular receptor instead of DSG-2, using an avidity mechanism [200]. This 

suggests that these viruses can use different receptors depending on whether 

CD46 and DSG-2 are expressed and available at the cell surface. More 

studies are needed to better understand the receptor interactions of species 

B HAdVs.  

Species B HAdVs are well known for their overproduction of incomplete 

particles called dodecahedral particles (PtDs). PtDs consist of fibers and 

penton base proteins (but no DNA) and are able to interact with DSG-2, 

which leads to breaking up of tight junctions. This overproduction of PtDs 

may be a way for the virions to spread from cell to cell or within the a tissue 

[201].   

Sialic acid/GD1a glycan 

Sialic acid (SA), also known as N-acetyl-neuraminic acid (Neu5Ac) was first 

discovered 70 years ago by Gunnar Blix and Ernst Klenk [202]. SA has a 

backbone structure consisting of nine carbons, which differs from other 

monosaccharaides with five or six carbons and an acidic α-keto sugar [203]. 

The SA family is large a family of monosaccharaides consisting of more than 

50 different analogues (Figure 8) [203, 204]. Each tissue and species 

expresses its own specific modification and linkage of SA [205]. SA forms 
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(via carbon 2) glycosidic bonds with carbon 3 or 6 of the neighboring 

galactose or with carbon 8 of a neighboring SA. SA is common at the 

terminal position of glycan structures on glycoproteins or gangliosides [205]. 

Three analogues of SA are more common in animals than other SA:s: 

Neu5Ac, N-glycolylneuraminic acid (Neu5Gc), and N-acetyl-9-0-

acetylneuraminic acid (Neu5,9Ac2). Neu5Ac is ubiquitous (i.e. found in all 

species), while Neu5Gc and Neu5,9Ac2 are frequently expressed but not in all 

species [205]. The different analogues have been suggested to be involved in 

the conformation of membrane proteins such as ion channels and hormone 

receptors [206]. The main function of SA is to act as a recognition or 

protection site. Removal of SA from serum leads to uptake of glycoproteins 

by hepatocytes [207]. Red blood cells with reduced membrane expression of 

SA (due to age or to the influence of microorganism-encoded 

sialidase/neuraminidase) are degraded by binding to galactose-specific 

receptors of phagocytes [208]. Cancer cells overexpress SA to protect them 

from cellular defense mechanisms, resulting in increased the degree of 

malignancy [209].  
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Figure 8. The chemical structure of Neu5Ac/sialic acid. A number of 

different side chains can be added at the different carbon positions of 

Neu5Ac. The illustration was reprinted with permission from the publisher 

[210].  

 
The EKC-causing HAdV-8, HAdV-19, and HAdV-37, use α2,3-linked 

SA/Neu5Ac as a cellular receptor [156]. This interaction is charge 

dependent, and involves positively charged fiber knob (pKa = 9,0–9,1) and 

the negatively charged SA (pKa= 2,6) [211]. The interaction occurs at three 

SA-binding sites, which are located on the top of the trimeric knob [93]. We 

recently identified a branched, di-sialyated glycan motif mimicking the motif 

present in the GD1a ganglioside as a cellular receptor for HAdV-8, HAdV-19, 

and HAdV-37. (This is further discussed in the Results and Discussion 

sections of Paper I). SA/Neu5Ac is also a receptor for many other viruses 

and bacteria, such as influenza A virus [212, 213], polyomaviruses JC and BC 

[214, 215], Haemophilus influenza [216], and Helicobacter pylori [217]. 

Influenza C virus and bovine coronaviruses have been shown to bind to 

Neu5Gc and 9-O-acetylated SA respectively [218, 219].  

ARTICLE IN PRESS

carbohydrate moieties bearing sialic acid residues. It will
be discussed that this defense barrier has continuously
and individually been adapted to new conditions, which
may also have driven the evolution of higher organisms
(Varki, 1997).

The diversity of sialic acids and their
distribution in nature

Sia are a family of monosaccharides comprising about
50 members which are derivatives of neuraminic acid (5-
amino-3,5-dideoxy-D-glycero-D-galacto-non-2-ulopyra-
nosonic acid). They carry various substituents at the
amino or hydroxyl groups (Fig. 1) (Corfield and
Schauer, 1982a; Varki, 1992; Schauer and Kamerling,
1997; Schauer, 2000a, b; Angata and Varki, 2002). The
amino group of neuraminic acid is acetylated or
glycolylated, while at all non-glycosidic hydroxyl
residues one or various acetyl groups may occur.
Usually, there is only one O-acetyl group, mostly at
O-9, but di- and tri-O-acetylated Sia are known,
especially in mucins from the bovine submandibular
gland and the human colon (Corfield and Schauer,
1982a). Lactyl or phosphoryl residues may occur at O-9
and methyl or sulfate groups at O-8. All these different
substituents may be combined, e.g., 8-O-methyl with 9-
O-acetyl and N-glycolyl, yielding the manifold types of

Sia found throughout the animal kingdom. Apart from
these types, unsaturated Sia as well as anhydro and
lactone forms have been identified in various biological
sources. 5-Desamino-5-hydroxy-neuraminic acid or 2-
keto-3-deoxy-nononic acid (Kdn) (Nadano et al., 1986)
is increasingly detected in microorganisms and animals.
Neuraminic acid itself (Neu), the de-N-acetylated
product of N-acetylneuraminic acid (Neu5Ac), is a
further component of mammalian glycoconjugates. In
Schauer and Kamerling (1997), Zanetta et al. (2001),
and Angata and Varki (2002), the natural Sia found are
listed, along with their main sources and abbreviations.

These Sia, except unsaturated sialic acids (2-deoxy-
2,3-didehydro sialic acids) and N-acetylneuraminic acid-
9-phosphate (Neu5Ac9P), usually occur in glycosidic
linkages of oligosaccharides, polysaccharides (polysialic
acids), glycoproteins, gangliosides and lipopolysacchar-
ides (Corfield and Schauer, 1982a; Varki, 1992; Schauer
et al., 1995; Schauer and Kamerling, 1997; M .uhlenhoff
et al., 1998) (Fig. 2). Neu5Ac9P is an intermediate in Sia
biosynthesis (Corfield and Schauer, 1982b).

N-Acetylneuraminic acid (Neu5Ac), N-glycolylneur-
aminic acid (Neu5Gc) and N-acetyl-9-O-acetylneurami-
nic acid (Neu5,9Ac2) are the three most frequently
occurring members of the Sia family. Only Neu5Ac is
ubiquitous, while the others are not found in all species.
The best investigated example next to Neu5Ac is
Neu5Gc, which occurs frequently in the animal king-
dom, but not in healthy human tissues—only in some

Fig. 1. The family of naturally occurring sialic acids. The nomenclature, abbreviations and references are listed in Schauer and
Kamerling (1997) and Angata and Varki (2002). In some species or tissues, the residues shown on the neuraminic acid (Neu)
molecule may be combined, e.g. 9-O-acetyl-5-N-glycolyl-8-O-methylneuraminic acid (Neu9Ac5Gc8Me) in the starfish A. rubens.
Kdn (2-keto-3-deoxy-nononic acid), which has a hydroxyl group at C-5 instead of an amino group of Neu, is also often
O-acetylated.

R. Schauer / Zoology 107 (2004) 49–6450
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Heparan sulfate (HS) 

Heparan sulfate is a form of sulfated polysaccharides that belongs to the 

glycosaminoglycan (GAG) family. GAGs can be found on proteoglycans such 

as syndecan 1-4, glypican 1-6, betaglycan, perlecan, and serglycin [220] with 

one or more GAGs attached. GAGs consist of different structures, which 

form linear chains by polymerization of disaccharide building blocks. 

Compared to other sugar residues, GAGs are much larger, with 

approximately 80 residues as compared to 10-12 residues in typical N-

glycans. Heparan sulfate proteoglycans (HSPGs) play an important role in 

many cellular processes (summarized in Figure 9). GAGs are important 

components of the extracellular matrix (ECM) and constitute an adhesion 

surface for ECM proteins such as fibronectin, laminin, and collagen [221]. In 

the cornea, keratan sulfate is responsible for maintenance of the space 

between collagen type I molecules in the stroma, which creates transparency 

under which light can pass through without any scatter [222]. HSPG are also 

important in attachment and spread of fibroblasts and in attraction of 

leukocytes. Binding of fibronectin to HSPGs induces the formation of focal 

adhesion and stress fibers [223, 224]. Syndecan 1 and syndecan 4 can also 

regulate activation of αVβ3 and αVβ5 integrins by interacting with the 

extracellular domain of the β subunit [225-227]. On the luminal surface of 

endothelial cells HSPGs also interact with L-selectin on circulating 

leukocytes [228]. HSPGs are also involved in blood coagulation [229] and 

modulation of growth factor activities [230]. Adult kidneys contain of 

proteglycans such as argin, perlecan, and collagen XVIII, which make up a 

filtration barrier in the glomerular basement membrane (GBM) [231]. Here, 

acidic GAGs on the proteoglycans prevent negatively charged substances 

from passing through the GBM through charge dependent repulsion [232]. 

Finally, HSPGs can also modulate lipid metabolism by acting as a receptor 

for lipases in the liver [233].  

 
 



 

27 

 
Figure 9. Summary of cellular functions and mechanisms of HSPG, such as 

(a) receptor or co-receptor, (b) crosstalk between cells and adhesion, (c) 

transcellular transport of chemokines, (d) chemokine presentation, (e) 

proteolytic removal leading to shedding of proteoglycans and their core 

proteins, (f) heparianse cleavage, (g) endocytosis of ligands, (h) lysomal 

degradation of ligands, (i) cell adhesion, (j) interaction with the 

cytoskeleton, (k) organization of the ECM and formation of physiological 

barriers, (l) storage of growth factors, (m) packaging into secretory granules, 

and (n) presence in the nucleus, with unknown function and location. The 

illustration was reprinted with permission from the publisher [234].   

 

HSPGs are commonly used as receptors by many pathogens, or they are 

involved the infection cycle. HSPGs have been shown to interact with HAdV-

2 and HAdV-5 and to act as possible co-receptors for HAdV-3 and HAdV-35 

[88, 150]. The interaction between HSPG and HAdV-5 occurs through a 

KKTK motif located on the fiber shaft [88, 89]. HAdV-3 and HAdV-35 

interact with HSPGs through different capsid proteins. HAdV-3 interacts 

with HSPGs through the knob, but the nature of the interaction between 

diminished HSPGs, with prominent loss of syndecan-1 from the baso-
lateral surface of intestinal epithelial cells32. The mechanism underlying 
the disappearance of syndecan (and possibly other HSPGs) is unknown, 
but the effect seems to correlate with inflammatory insult coupled with 
an underlying condition33. The proteoglycans may function in two ways: 
as an integral component of the basement membrane and as a buffer 
for inflammatory cytokines, such as tumor necrosis factor-α (TNF-α) 
and interferon-γ. Interestingly, treatment with heparin can alleviate 
this problem in some patients, possibly by binding to the cytokines and 
preventing inflammation34.

Heparan sulphate proteoglycans in cell signalling and morphogenesis 
Numerous studies in mice and other model organisms have docu-
mented the role of HSPGs in regulating morphogen gradients and 
growth-factor signalling reactions during development (Fig. 2l). Some 
of these processes continue into adulthood — for example, the for-
mation of endochondral bones starts during embryogenesis and pro-
ceeds through puberty as body size increases. Axial bone growth occurs 
through growth plates in which chondrocytes undergo a coordinated 
programme of proliferation, hypertrophy and ossification under the 

control of Indian hedgehog (IHH), FGF18, BMPs, Wnts and prob-
ably other factors35, many of which bind to HS. Homozygous mice 
carrying a hypomorphic allele of the HS-polymerizing enzyme EXT1 
exhibit skeletal abnormalities36. Examination of the growth plates in 
these animals showed that the gradient of IHH extends further from 
its source, causing a broadening of the proliferative zone. Effects on 
spatial distribution of growth factors could be due to protection against 
proteolysis or uptake and clearance through endocytosis37. The specific 
proteoglycans affecting IHH diffusion are unknown. Perlecan may have 
a role, as null mutants exhibit severe disorganization of the columnar 
chondrocytes in growth plates and defective endochondral ossifica-
tion27,38. Interestingly, deletion of exon 3 from perlecan has no reported 
effect on skeletal development, suggesting that the GAGs attached at 
this site are dispensable. 

In humans, heterozygous null mutations in EXT1 and EXT2 cause 
hereditary multiple exostoses, an autosomal dominant disease charac-
terized by the formation of cartilage-capped bony outgrowths (osteo-
chondromas or exostoses) on growth plates throughout the body. 
Heterozygous mice also develop exostoses, but for unknown reasons 
the growths are limited to the ribs39. The mechanism underlying the 
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Figure 2 | Heparan sulphate proteoglycans have many roles in cell 
physiology. HSPGs function as co-receptors for growth factors and their 
receptor tyrosine kinases, which are present either on the same cell (a) or on 
adjacent cells (b). They transport chemokines across cells (c) and present 
them at the cell surface (d). Proteolytic processing leads to the shedding of 
syndecans and glypicans from the cell surface (e), and heparanase cleaves 
the HS chains (f), liberating bound ligands (such as growth factors). Cell-
surface HSPGs are actively taken up by endocytosis (g) and can recycle back 

to the surface or be degraded in lysosomes (h). HSPGs also facilitate cell 
adhesion to the extracellular matrix (i) and form bridges to the cytoskeleton 
(j). Secreted HSPGs are involved in the formation of organized extracellular 
matrices that form physiological barriers (k) and sequester growth factors 
and morphogens for later release (l). Serglycin carrying highly sulphated 
heparin chains is packaged into secretory granules of haematopoetic cells 
(m). Finally, some experiments suggest that HS chains exist in the nucleus 
(n), although their function in this location is unknown. 

1033

NATURE|Vol 446|26 April 2007 INSIGHT REVIEW



 

28 

HAdV-35 and HSPG is unclear [150]. There have also been reports of 

interaction between dodecahedral HAdV-3 and HSPGs [235, 236]. Recently, 

mouse adenovirus type 1 (MAV-1) was shown to interact with HSPGs [237]. 

Other pathogens that have been shown to interact with HSPG are Borrelia 

burgdorferi, Chlamydia trachomatis, cytomegalovirus (CMV), dengue virus, 

herpes simplex virus (HSV), and HIV [238-246].  

Coagulation factors 

There are five vitamin K-dependent coagulation factors: prothrombin (factor 

II), proconvertin (factor VII), Christmas factor (factor IX), Stuart-Power 

factor (factor X), and protein C (PC), which are synthesized in the liver and 

secreted into the circulation in inactive form. These proteins contain 

multiple sites for serine proteases, which cleave the factors to an active 

conformation. Except for vitamin K, these factors require Ca2+, 

phospholipids, and cofactors for their biological activity [247]. They are 

involved in the coagulation cascade and fibrinolysis pathways together with 

other blood components. The vitamin K-dependent coagulation factors 

require a posttranslational modification that is dependent on the cofactor, 

vitamin K. This modification consists of addition of a carboxyl group to the 

10-12 glutamic acid residues, forming an γ-carboxyl glutamic acid (GLA) 

domain [248-250]. This domain has been reported (for factor IX (FIX), 

factor X (FX), and PC) to interact with membrane surface substrates in a 

Ca2+ dependent manner [251-254].     

 
In 1995, intravenously added HAdV-5 was found at high titers in rat liver 

[255]. Recently, it was found that coagulation factors enhance HAdV-5 

infection for liver cell line HepG2 [256]. Further studies confirmed that it 

was FX that was responsible for transduction of liver cells when HAdV-5 was 

administrated intravenously to mice or used to infect different cell lines 

[257]. The ability to bind to FX differs between HAdV species. All members 

of species C bind FX whereas species D members do not [258]. The GLA 

domain of FX binds to HAdV-5 through the HVR5 or HVR7 regions of the 

hexon [72, 258-260]. The HAdV-5:FX complex appears to interact with N-
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linked and O-linked sulfate groups of HS side chains [261]. Other studies 

have shown that in complex with FX and FIX, HAdV-5 binds to cellular HS 

[74]. In addition, it was later shown that species A types HAdV-18 and 

HAdV-31 but not HAdV-12 interacted with FIX. Interaction with FIX 

enhanced binding of the virus to lung and gut epithelial cells [73]. HAdVs are 

common as vectors in cancer and gene therapy, and the interaction with FX 

cause problems in delivering the vector to the desired organ when it is 

injected intravenously. The interaction with FX can be inhibited by changing 

the HVR5 or HVR7 regions to those of non-binding HAdV types [258]. These 

types of modifications of HVR abolish HAdV interactions with FX in vitro 

and detarget HAdV from the liver in vivo [259, 262]. In the absence of FX, 

HAdV-5 is neutralized by IgM antibodies and activates the complement 

system [263]. Coagulation factors have also been shown to affect the 

infection cycles of other viruses such as herpes simplex type 1 (HSV-1) and 

adeno-associated virus type 2 (AAV-2) [264, 265]. 

Integrins 

Integrins are membrane-bound non-covalently linked heterodimeric 

glycoproteins containing two subunits α and β. In humans, 18 α subunits 

and 8 β subunits have been identified, which form 24 unique heterodimeric 

complexes (Figure 10a). Integrins are expressed at different levels in all 

tissues, for example in corneal epithelium α2, α3, α6, αV, β1, and β4 are 

expressed [266]. Integrins consist of an extracellular domain, a single 

transmembrane domain, and a shorter cytoplasmic tail (Figure 10b). The 

extracellular domain of the α subunit consists of a seven-bladed β-propeller 

domain, which can bind Ca2+, in turn affecting ligand binding [267, 268]. 

Nine of the 18 α subunits (αD, αE, αL, αM, αX, α1, α2, α10, and α11) have an 

insert in the β-propeller of almost 200 aa:s also called the I or A domain 

[269]. This I/A domain is located on the apical side of the α subunit [270]. 

All β subunits contain an I domain, which is located near the β-propeller of 

the alpha subunit [271]. The two I domains of the α and β subunits are 

involved in ligand interaction, which is coordinated through Mg2+ (α 
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subunit) and/or Ca2+ (β subunit) at a site called the metal-ion-dependent 

adhesion site (MIDAS) [268, 272].  

 
Figure 10. a) The 24 unique heterodimeric integrin complexes that have 

been detected in humans. The illustration was reprinted with permission 

from the publisher [273] b) The dimeric integrins can either be in an active 

state or an inactive state. They are activated by ligand interaction and/or 

internal activation. The illustration was reprinted with permission from the 

publisher [274]. 

 

Integrins have been shown to interact with multiple cellular ligands and to 

function as signal transmitters between the ECM and the cell. Integrins 

interact with ECM proteins through aa-motifs such as RGD, LDV (leucine-

aspartic acid-valine), and GFOGER (Glycine-phenylalanine-hydroxyproline- 

glycine-glutamic acid-arginine) [275-279]. Many ECM proteins such as 

fibronectin, vitronectin, and fibrinogen contain RGD motifs and have been 

shown to interact with the following integrins: αVβ1, αVβ3, αVβ5, αVβ6, 

αVβ8, α5β1, α8β1, and αIIbβ3 [280]. VCAM-1 and MAdCAM-1 contain LDV 

motifs [281] and interact with αLβ2, αXβ2, αMβ2, αDβ2, α4β1, α4β7, α9β1 

and αEβ7 [280]. In addition, α1β1, α2β1, α10β1, and α11β1 are known to 

interact with laminin and/or collagen through the GFOGER motif [280]. 

Structural studies of the interaction between α2 and the GFOGER peptide 

a)#

expression, have been regarded as having overexpres-
sion of a6b4 [62–65].

The most common change in integrin expression
reported for malignant epithelium is down-regulation of
a2b1 [47]. This integrin appears to be either lost or
down-regulated in moderately or poorly differentiated
colorectal adenocarcinomas and poorly differentiated
carcinomas of the breast, pancreas and lung [66–69].
Reduced steady state mRNA levels of a2 have similarly
been reported in breast carcinomas [70]. Although
increased integrin expression, such as the up-regulation
of a6b4 in squamous cell carcinomas [24,71], has been
reported for particular integrins in some cell types,
there seems to be an overall trend towards down-
regulation of integrins in malignant epithelium [47].

This might suggest an overall negative regulatory
effect of integrins on tumor progression. However,
given the heterogeneity of integrin expression reported
in malignant epithelial tumor tissue and the important
roles of particular integrins in tumor cell growth,
survival, motility and invasion in vitro, the effects of
integrins on tumor progression will likely depend on the
particular integrins expressed by a tumor, the tumor
type, and the particular molecular context in which the
integrins are expressed.

4. Integrin structure

Integrins have large extracellular domains for ligand
binding [2,72,73]. The extracellular domain of each
subunit is composed of more than 700 amino acids. In
contrast, with the exception of a6b4, integrins have
relatively small cytoplasmic domains of between 13
and 70 amino acids per subunit [74]. Multiple linkage
proteins are used to connect the cytoplasmic domains of
integrins to the actin cytoskeleton [75,76]. The small
cytoplasmic domains lack catalytic activity themselves
but participate in signal transduction by linking to
cytoplasmic signaling molecules. The b4 subunit, in
contrast to all other integrin subunits, has a large
cytoplasmic domain of around 1000 amino acids
[77,78]. In spite of its large size, it also lacks catalytic
activity. a6b4 can form links to the actin cytoskeleton
during cell motility, but under stable adherent
conditions it is present in hemidesmosomes and links
the epithelial basement membrane to intermediate
keratin filaments instead [79,80].

Each integrin heterodimer contains an extracellular
metal ion-dependent ligand binding site at the distal end
(farthest from the membrane insertion site) and two leg
regions, one from each of the a and b subunits, that
insert into the plasma membrane [2,81,82] (Fig. 1).

Each subunit forms a portion of the distal ligand-
binding region of the heterodimer. In the most primitive
integrins, including those that bind laminins and those
that bind matrix proteins with the RGD motif, the
ligand binding portion of the a subunit is a seven-
bladed propeller structure [83]. Half of the more
complex a subunits contain, in addition, an extra
domain inserted between the blades of the propeller
structure that contains a core of parallel b sheets
surrounded by a helices [84]. This inserted domain is
referred to as an I or A domain, and it also participates
in ligand binding. The ligand binding portion of the b
subunit consists of a similar I/A domain without an
associated propeller structure [2,73].

The cytoplasmic domain of each subunit (except for
b4) is small and, therefore, does not form an elaborate
three-dimensional structure like the extracellular domain.
Nevertheless, integrin cytoplasmic domains do have
important conserved sequences formediating interactions
with each other and with cytoskeletal and signaling
molecules. A highly conserved GFFKR sequence, the
‘hinge domain’, is present in the cytoplasmic membrane-
proximal region of the a subunit which, in the inactive
integrin configuration, forms a salt bridge with the
corresponding membrane-proximal region of the b
subunit [85–87]. The b subunit cytoplasmic domains
typically have two NP!Y sequences to which many
proteins with phosphotyrosine-binding (PTB) domains
could potentially bind [75].

5. Cytoplasmic domain-binding proteins

Integrin signaling functions are mediated by signal-
ing complexes that link a variety of intracellular

Fig. 1. Schematic diagram of a and b integrin subunits depicting

GFFKR and NP!Y domains and integrin–binding proteins.

M.Z. Gilcrease / Cancer Letters 247 (2007) 1–254 b)#
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showed that the glutamatic acid (E) was of importance for the interaction 

[282]. Other laminin-interacting integrins are α3β1, α6β1, and α7β1 [280]. 

Ligand interactions generate an intracellular signal through the cytoplasmic 

tail of the β subunit. The cytoplasmic tail of β integrins contains NPxY and 

NxxY motifs, which can be bound by proteins with phosphotyrosine binding 

(PTB) domains. Talin and Kindling are two proteins with PTB domains and 

they are involved in intracellular activation of integrins [283-285]. The 

cytoplasmic tail of the β subunit is also involved in formation of adhesomes, 

which function as sensors that are involved in cell migration, differentiation, 

proliferation, and viability. The cytoplasmic tails of the α and β subunit have 

been shown to interact with focal adhesion kinase (FAK), Src family kinases 

(SFKs), paxillin, and integrin-linked kinase (ILK) [286, 287]. Interactions 

with FAK and SFKs control localization and activation of several GTPases, 

such as RhoA, cdc42, and Rac-I [288, 289] and outside-in signaling [290].     

 

HAdVs have been shown to interact with several integrins: αVβ1, αVβ3, 

αVβ5, αMβ2, and α3β1 [75, 291-295]. Several HAdV types have been shown 

to interact with integrins, but HAdV-2 and HAdV-5 are the most well studied 

[75]. Integrins function as co-receptors for HAdVs; after binding to a 

primary, cellular receptor, HAdVs interacts with integrins through its RGD 

motif on the penton base [75, 291, 293]. HAdV-40 and HAdV-41 lack the 

RGD motif, which results in a slower internalization in some cells [77, 81]. 

Integrins are involved in HAdV internalization and endosomal escape [75, 

76]. However, αMβ2 is the only integrin that has been shown to function a 

primary attachment receptor on monocytes [294]. The interaction of HAdV-

5 with integrin αVβ5 leads to integrin clustering and activation of multiple 

signaling pathways such as phosphatidylinostiol-3-OH, extracellular 

regulated kinase 1/2, and p38 MAPK [296-299].  Cryo-EM studies of the 

interaction between HAdV-12 and αVβ5 revealed that one pentameric 

HAdV-12 penton base could interact with maximum of four integrins [300]. 

A recent study of the interaction between the penton base of HAdV-9 and 

integrin αVβ3 revealed that the interaction could occur in several different 

orientations. This study also showed that the affinity of this interaction was 
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at in a nM range [301]. Integrins are involved in internalization of other 

viruses, such as CMV (αVβ3), Kaposi’s sarcoma-associated herpes virus 

(α3β1), hantavirus (β3), and reovirus (β1) [302-305].   

Other adenovirus receptors 
 

Scavenger receptor AII: This molecule has been identified as a cellular 

receptor during HAdV-5 infection of Kupffer cells. The interaction between 

HAdV-5 and scavenger receptor AII was confirmed both in vitro and in vivo 

[155].  

 

CD80/CD86: These proteins are mainly expressed on dendritic cells and 

have been identified as receptors for species B HAdVs [148]. However, many 

proteins have been identified as receptor candidates for species B HAdVs, 

and more studies are needed to determine the roles of CD80 and CD86 

realative to those of other receptor candidates.  

 

Major histocompatibility complex-I α2/MHC-I α2: This molecule is 

broadly expressed in human tissues. HAdV-5 binds better to MHC-I α2-

transfected cells than to non-expressing cells [154, 306], and MHC-1 α2 

serves as a cellular receptor in absence of CAR [307].  

 

Internalization and trafficking  

After HAdV attachment and interaction with cellular receptors and co-

receptors, different receptor-mediated endocytic pathways are triggered in a 

HAdV type and cell type dependent manner. HAdV-3 and HAdV-35 use 

macropinocytosis to enter HeLa (epithelial) cells [308, 309].  HAdV-2 and 

HAdV-5 have been shown to use clathrin-mediated endocytosis to enter 

epithelial cells [310-313]. Within 3-15 minutes after interaction with the cell, 

HAdV-2 can be seen in endosome [146, 311].  However, HAdV-5 has also 

been shown to use caveolae to enter plasmocytes [314]. HAdV-37 enters 

corneal fibroblasts (keratinocytes) through a lipid raft-dependent caveolin-1 
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mechanism [315]. HAdV escape from the endosome involves many different 

signaling pathways, proteins and conditions. Virions escaping to the cytosol 

require acidic pH [316, 317]. low pH changes the conformation of the viral 

capsid proteins, releasing partially disabled HAdV particles [317, 318]. Also, 

interactions with integrin αVβ5 are involved in the endosomal escape by 

triggering different signaling pathways, such as the phosphoinositide-3-OH 

kinase and Rho GTPase pathways [297, 319, 320]. The amphipathic helix of 

capisd protein VI (pVI) has also been suggested to be involved in escape 

from the endosome [104-106]. The escaped virion then interacts with 

dynein, which transports the virion to the nucleus by way of microtubule 

network [321, 322].  PVI helps the virion to move towards the nucleus along 

the microtubule networks through its PPxY motif [107]. At the nucleus, the 

HAdV DNA is delivered through the nuclear pore complex (NPC) in an active 

process. The delivery through NPC is dependent on importin alpha, which is 

also known to interact with pVI [109, 323]. Some other, cellular proteins 

have been suggested to be involved in NPC binding: nuclear pore 

CAN/Nup214, the chaperone, heat shock protein Hsc70, and histone H1 

[321, 324, 325]. Internalization and transport of HAdV-2 and HAdV-5 to the 

nucleus is summarized in the (Figure 11).  

 
 

 
Figure 11. Internalization and intracellular transportation of HAdV-2 and 

HAdV-5 from the membrane to the nuclear pore. The illustration was 

reprinted with permission from the publisher [326].  

S156 O. Meier and U. F. Greber

that becomes covalently attached to other proteins
through an isopeptide bond between its C-terminus and
a lysine residue of the target protein (reviewed in [80]).
Monoubiquitination of receptors at the cytoplasmic tail
serves as a signal for clathrin-mediated internalization
(reviewed in [81]). In contrast, proteasomal degradation
is mediated through polyubiquitination at the ubiquitin
lysine residue 48 (for a review, see [82]). In the case of
the alternative ubiquitination, a single ubiquitin-based
intracellular network motif (UIM) is responsible for
ubiquitin recognition and monoubiquitination. Two of
these UIMs allow Eps15 to act as an adaptor between
ubiquitinated membrane cargo and endocytic coats and
their dual functionality leads to a amplification of this
network in the endocytic system [79].

Another way to test if a ligand enters by endocytosis is to
express dynamin mutants, such as K44A-dynamin, defec-
tive of GTP loading and hydrolysis [83]. K44A-dynamin
inhibits clathrin-mediated endocytosis, caveolar endo-
cytosis and phagocytosis (reviewed in [84]). Dynamin
is targeted to flattened clathrin lattices of the plasma
membrane and is also found at the neck of emerging
clathrin-coated vesicles by binding of its polyproline-rich
domain to the SH3 domain of amphiphysin and the pleck-
strin homology (PH) domain recognizing PI(4,5)P2 [85].
In the presence of GTP, dynamins form oligomers and
thus may act as a constrictase upon GDP-GTP exchange
and GTP hydrolysis, thus leading to vesicle detachment.
It was, however, also recognized that dynamin is a signal
transducing molecule that activates downstream effec-
tors rather than just being the constrictase. One of the
dynamin effectors is endophilin which appears to exhibit
a lysophosphatidic acid acyl transferase activity and may
facilitate the formation of a strong membrane curvature
[86]. Additional regulation is provided by the adaptor

associated kinase 1 which phosphorylates the µ2-subunit
of AP2 thus allowing initial concentration of receptors
[87,88]. Following dephosphorylation by an unknown
phosphatase, receptors are then rapidly internalized. Yet
another regulatory mechanism can be activated by the
cargo itself. Binding of EGF to the EGF receptor appears to
lead to clathrin phosphorylation and facilitates EGF recep-
tor uptake [89]. Furthermore, EGF activates the small
GTPase Rab5, and provides a link between signalling and
endocytic trafficking [90].

Clathrin-mediated endocytosis of
adenovirus

Initial electron microscopy (EM) studies of Ad entry
suggested that the virus penetrated the plasma membrane
[91,92]. Subsequent EM analyses detected incoming
Ad2 and Ad5 in clathrin-coated pits and clathrin-coated
vesicles [93–96]. It was also noted that endocytic uptake
of Ad2 from noncoated membranes could occur at very
high multiplicities of infection [95]. Several functional
assays subsequently showed that the infectious entry
pathway of Ad2 and Ad5 occurs either in clathrin-coated
or noncoated membranes [97–100]. More recently, the
use of dominant-negative expression constructs, including
Eps15, clathrin fragments and K44A-dynamin, underlined
that the infectious entry pathway of Ad2 and Ad5 into
epithelial cells is clathrin-mediated [101]. This and
additional requirements of the infectious pathway in
epithelial cells are depicted in Figure 2. For additional
information, the reader is referred to a recent review
[15].

It had been noted earlier that viral endocytosis depends
on the activation of αv integrins [102], and several other

Figure 2. Infectious entry pathway of Ad2 and Ad5 into epithelial cells. Ad fibers bind to CAR and locally activate αV integrins which
triggers clathrin-mediated viral endocytosis. This requires the large GTPase dynamin, PI3K, the small GTPases Rac1 and Cdc42
and also Rab5. Ad is then delivered to a slightly acidic intracellular compartment and escapes to the cytosol upon cell signalling.
Additional signalling, including the activation of protein kinase A and the p38/MAPK cascade, boost microtubule-dependent and
dynein/dynactin-dependent viral transport towards the nucleus [151,154–156]. Virus then docks to the nuclear pore complex
receptor CAN/Nup214 and it disassembles by recruiting the nuclear histone H1 and the H1 import factors importin β and importin
7 [157]

Copyright © 2003 John Wiley & Sons, Ltd. J Gene Med 2004; 6: S152–S163.
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Genome structure 

The HAdV genome consists of linear double-stranded DNA, 34-36 kbp in 

size, which can encode approximately 40 different proteins (Figure 12). The 

ends of the genome have 36-200 bp of inverted terminal repeats (ITRs), and 

each 5’ end has a terminal protein (TP) bound to it [134]. These repeats 

function as orgins of DNA replication [327]. The genome organization is 

conserved among the genera, and it involves three transcription units: the 

early transcription unit (E1A, E1B, E2, E3, and E4), the delayed-early 

transcription unit (IX, IVa2, and E2 late), and the late transcription unit, 

which give five families of late mRNA (L1-L5) [134, 327, 328]. All 

transcription units are transcribed by cellular RNA polymerase II except for 

one or two (depending on the species and type) virus-associated RNAs, 

which are transcribed by RNA polymerase III [329].  

 
Figure 12. Positions and directions of HAdVs genome with transcription 

units. The illustration was reprinted with permission from the publisher 

[330].  

W. C. RussellW. C. Russell

Fig. 2. Transcription of the adenovirus genome. The early transcripts are outlined in green, the late in blue. Arrows indicate the
direction of transcription. The gene locations of the VA RNAs are denoted in brown. MLP, Major late promoter.

Georgatos, 1994) and this may allow for the disassociation of
p32 from the incoming genome.

Transcription and replication
As noted above, adenovirus transcription can be defined

largely as a two-phase event, early and late, respectively
occurring before and after virus DNA replication (Fig. 2).
Transcription is accompanied by a complex series of splicing
events, with four early ‘ cassettes ’ of gene transcription termed
E1, E2, E3 and E4 (Fig. 2).

The E1 gene products can be subdivided further into E1A
and E1B. E1A itself has two major components sharing
substantial stretches of sequence that are termed 289R (or 13S)
and 243R (or 12S), based on the number of amino acid residues.
These E1A proteins are primarily concerned with modulating
cellular metabolism to make the cell more susceptible to virus
replication. At the risk of being oversimplistic, it is convenient
to define cellular metabolism as being devoted principally to
promoting accurate cell division while retaining specific cellular
functions. In so doing, the cell has devised mechanisms to
defend this process from external interference and to remove
any defective cells. The former operates by invoking the innate
and adaptive immune systems (see below), and some of these
pathways appear to be regulated via the transcription factor
NF-jB, while the latter is mainly carried out by the induction
of apoptosis via a number of routes, one being the transcription
factor p53 (for a review of p53 pathways see Prives & Hall,
1999).

NF-jB is a nuclear transactivator that is released by
proteolysis of an associated inhibitory factor, IjB, in the
cytoplasm (Hay et al., 1999b), thus leading to its migration to

the nucleus and the activation of NF-jB-responsive genes,
among the latter being the E3 gene promoter (Deryckere &
Burgert, 1996) (see below). Phosphorylation of IjB by a kinase
complex, IKK, appears to be crucial for the proteolysis of IjB.

The protein p53 is a tumour suppressor that regulates the
transcription of a variety of genes involved in cell cycle arrest
and apoptosis. In normal cells, p53 is present in small amounts,
but levels increase in response to genotoxic and other stresses.
The regulation of p53 seems to mainly at the protein level,
utilizing the cellular protein mdm2, which binds to p53 and
acts as a ubiquitin ligase, targetting p53 to the proteosome for
degradation. Another cellular protein, p19arf, also contributes
to this system by binding to mdm2, blocking its ligase
activity and thereby stabilizing p53 (de Stanchina et al.,
1998 ; Honda & Yasuda, 1999 ; Tao & Levine, 1999 ; Weber et
al., 1999). An additional factor in this regulation has also been
uncovered by the finding that p53 can be modified by the small
ubiquitin-like modifier (SUMO), leading to activation of p53
(Rodriguez et al., 1999).

E1A proteins interfere with the processes of cell division
and with the regulation of NF-jB and p53, and do this by a
great variety of strategies involving both direct and indirect
interaction with cellular proteins. They can also modulate
transcription patterns in favour of virus transcription. A
summary of the characteristics of E1A is found in Table 1 and
Fig. 3. It should be pointed out that many of the properties
ascribed to E1A in Table 1 are based on in vitro studies,
whereas the availability of the relevant cellular components in
vivo will depend on the nature of the infected cell and its
metabolic state. Moreover, other virus gene products can
modulate these cellular interactions significantly. For instance,

CFHG
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Transcription unit function and HAdV replication 

The early transcription unit: This unit has three main tasks: (i) to 

induce the host cell to enter the S-phase of the cell cycle, (ii) to modulate the 

cellular antiviral response, and (iii) to synthesize viral proteins needed for 

viral DNA replication [327]. E1A proteins bind to cell cycle regulators such 

as Rb-family proteins that activate the cell to enter the S-phase [331, 332]. 

The two E1A proteins function as transactivators, which means that they can 

activate both viral and cellular genes [331]. E1B encodes two proteins, E1B-

55K and E1B-19K, which block cellular apoptosis but by different 

mechanism: E1B-55K through a p53-dependent pathway and E1B-19K 

through a p53-independent pathway [333, 334]. E2 encodes three proteins 

that are involved in viral replication: adenovirus polymerase (AdPol), DBP, 

and TP. E3 proteins are modulators of the host immune response. A recent 

study showed that he E3/49K protein of species D HAdVs suppresses 

leukocyte activation and effector functions [335]. The E4 region proteins are 

involved in many different functions such as transcriptional and 

translational regulation, nuclear export of viral mRNA, and inhibition of 

apoptosis [327].  

 
DNA replication: This step starts 6-8 hours after infection (in HeLa cells). 

Replication starts at the first 50 bp of the ITRs, where a pre-terminal protein 

(pTP) binds and functions as a primer. The AdPol binds to pTP and forms a 

heterodimeric complex [336-338].  The AdPol functions both as a 5´ to 3´ 

DNA polymerase and as a 3´ to 5´exonuclease, which enables proofreading 

during polymerization [339, 340]. The cellular transcription factors NFI and 

Oct-I are recruited to this heterodimeric complex through DBP [341, 342]. 

These five proteins function as a pre-initiation complex, which starts the 

replication. Shortly after the start of replication, the AdPol separates from 

the pTP and chain elongation continues with AdPol, DBP, and cellular 

topoisomerase I [343, 344].  
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The delayed-early transcription unit: This unit consists of two genes 

encoding protein IX (pIX) and IVa2 (pIVa2), which are expressed 

immediately after initiation of DNA replication. pIX is a capsid protein that 

also activates transcription, but it does not have any specificity for the major 

late promoter (MLP) [327]. pIVa2, however, has dual functions as an 

activator of transcription from the MLP and is involved in packaging of the 

genome into the capsid [327]. These two proteins are expressed a little later 

than the early genes, and they are therefore called delayed early genes.  

 

Late transcript unit: This unit encodes the capsid proteins, which are 

expressed after the onset of DNA replication. The expression is controlled by 

the MLP, and it encodes a single primary mRNA of 28 kbp, which is spliced 

into at least 20 distinct mRNAs. These mRNAs are grouped into 5 families 

L1-L5 [327]. The late transcription unit encodes the capsid proteins, which 

are required for assembly of new virions.  

Assembly and release 

The capsid proteins are assembled in the cytoplasm, where the hexon 

trimerizes with the help of the L4-encoded protein 100K [345]. The 100K 

protein have two functions; facilitate folding of the hexon monomer and 

support assembly of hexon trimers [346]. The formation of the penton 

occurs more slowly resulting in complex formation of penton base and fiber 

protein [347, 348]. Hexon and penton are then transported into the nucleus 

for further assembly. The import of hexon to the nucleus is mediated by pVI 

[109], but it is not known (as to the best of my knowledge) if pVI or other 

proteins also assist in import of pentons. Packaging of the genome into the 

capsid involves three proteins: IVa2, L1 52/55 proteins and L4 22kd protein 

[327, 349, 350]. Capsid and core proteins pVI, pVII, pVIII, µ, and TP are 

cleaved by the viral protease (an L3-encoded 23kd protein), which complete 

the assembly of an infectious virus particle [351]. The release of the virions is 

facilitated by the E3 11,6 kd protein also known as adenovirus death protein 

(ADP). The expression levels of ADP may determine if there will be a lytic of 
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persistent infection [352]. Excess of fibers interferes with intercellular 

dimerization of CAR resulting in facilitated intercellular virion transport 

[171].  

Treatment and vaccines 
 
Most HAdV infections are often asymptomatic or a least self-limited in 

healthy individuals. Thus, the need to develop of antivirals against HAdVs 

has not been of great interest.  However, there are exceptions, as HAdVs 

cause severe disease in immunocompromised patients, in patients with EKC, 

and in military recruits with ARD [3]. The growing number of 

immunocompromised patients due to AIDS and due to transplantations has 

led to renewed interest in developing anti-HAdV drugs [58, 353, 354].  

 

Cidofovir is a compound that mimics the nucleoside of cytosine, and it 

thereby inhibits viral DNA polymerization [355, 356]. It is already approved 

as a treatment for CMV retinitis in AIDS patients in the USA and the EU 

[357]. Cidofovir has been evaluated as a treatment for EKC in many studies, 

with different results. By using New Zeeland white rabbits as a model for 

ocular infections its effect has been studied on HAdVs from species C 

(HAdV-1, HAdV-5 and HAdV-6) [358]. Unfortunately, this animal model 

cannot be infected by EKC-causing HAdVs (HAdV-8, HAdV-19, and HAdV-

37), which make it difficult to evaluate new drug candidates in vivo against 

these types. Unpublished data from a large study on humans in the USA 

showed positive results from using cidofovir as a treatment for EKC. 

Treatment of EKC with cidofovir both cleared the infection and prevented 

spread to the other eye [58]. However, recent studies from Hawaii and 

Europe have shown that cidofovir treatment may be associated with rare 

cases of lachrymal canalicular blockage [58]. Cidofovir also appears to limit 

to some extent systemic HAdV-related complications, and reduce the load of 

HAdV DNA in blood of adult and pediatric bone marrow transplant patients 

[359-362]. 
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Another drug that has been tested against systemic HAdV infection is 

ribavirin. Ribavirin affects many different cellular and viral processes, and 

has been approved for systemic treatment of hepatitis C virus infection in 

combination of interferon α-2b. Ribavirin has been both successful [363-

366] and unsuccessful [359, 367-369] as a treatment for systemic HAdV 

infection.  

 

Zalcitabine is a nucleoside analog that is used for treatment for retroviruses 

infection. It has been shown to inhibit HAdV-2 infection both in vitro and in 

vivo, in pneumonia model [370].  

 

The sulfated sialyl lipid NMSO3 has been shown to have antiviral activity 

against HAdVs [371]. It appears to inhibit viral absorption and has been 

shown to be effective against HAdV-2, HAdV-4, HAdV-8, and HAdV-37. 

NMSO3 is negatively charged, which may explain the inhibition of HAdV-8 

and HAdV-37, which use SA as a cellular receptor. However, the inhibition 

mechanism of NMSO3 for HAdV-2 and HAdV-4 is not clear [371]. The main 

advantage of NMSO3 is that is does not show any cellular toxicity.   

 

N-chlorotaurine is an antioxidant, which is produced by activated human 

granulocytes and monocytes and exhibit anti-inflammatory properties [372]. 

This molecule has been shown to inhibit HAdV-3, HAdV-4, HAdV-8, HAdV-

19 and HAdV-37 infection of A549 cells [373]. N-chlorotaurine has been 

shown to be safe for topical administration to eyes of humans and rabbits, 

and to the ears of guinea-pig [374, 375]. It was found to efficiently abolish 

clinical signs of viral conjunctivitis in a small clinical trial in Austria [376]. 

This antiseptic-like compound may also be a promising drug against 

bacterial conjunctivitis [58].  

 

The non-nucleoside and cobalt chelator compound doxovir has been shown 

to have activity against HAdVs. The exact mechanism of how this compound 

works is not fully understood. Doxovir was found to inhibit HAdV-5 
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conjunctivitis in a rabbit model. It was also active against HSV-1 infection in 

a rabbit keratitis model [377].  

 

Large, multivalent SA-containing compounds inhibit infection of EKC-

causing HAdVs in vitro [378-380]. These compounds/molecules inhibit 

EKC-causing HAdVs from binding to and infection of human corneal 

epithelial cells at µM concentrations. The mechanism of action is by 

aggregategation of virions, thus preventing them from infecting other cells 

[378-380].  

 

A high-throughput screening of a library of compounds and a series of 

optimization steps resulted in two antivirals called benzavir-1 and benzavir-2 

[381-383]. By some unknown mechanism, these molecules appear to affect 

the viral DNA replication of different species of HAdV and HSV-1 and -2 

[381-383]. 
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Results and discussion  

Paper I 
The GD1a glycan is a cellular receptor for adenoviruses causing 
epidemic keratoconjunctivitis. 
Nilsson EC, Storm RJ, Bauer J, Johansson SM, Lookene A, Ångström J, 

Hedenström M, Eriksson TL, Frängsmyr L, Rinaldi S, Willison HJ, Pedrosa 

Domellöf F, Stehle T, Arnberg N. 

Nat Med. 2011 Jan;17(1):105-9.  

 
EKC is a contagious ocular disease that is mainly caused by three species-D 

HAdVs: HAdV-8, HAdV-19 and HAdV-37. These three HAdVs have been 

shown to use SA as a cellular receptor. To identify the SA-containing glycan 

structure(s) that function as cellular receptors for EKC-causing HAdVs, 

glycan array was performed by Consortium for Functional Glycomics (CFG). 

The HAdV-37 knob recognized among other glycans a disialylated glycan 

that is normally found on ganglioside GD1a. Soluble GD1a glycans and GD1a 

glycan-specific antibodies (clone EM9) inhibited HAdV-37 from binding to 

and infecting HCE cells. To further investigate whether the GD1a ganglioside 

itself functioned as cellular receptor, a set of HAdV-37 virion competition 

binding experiments were performed using i) SA-deficient Lec2 cells and 

Lec2 cells containing GD1a ganglioside, ii) GD1a-containing liposomes, and 

iii) P4, resulting in deficient de novo ganglioside biosynthesis. Surprisingly, 

neither of these treatments inhibited HAdV-37 binding as compared to 

control samples. However, the results from three other experiments 

suggested that the receptor used by HAdV-37 is rather constituted by a 

protein that carry glycan motifs identical to or resembling the glycan in the 

GD1a ganglioside: i) protease treatment of HCE cells prior to virion binding, 

ii), pretreatment of HCE cells (prior to virion binding) with benzyl-α-

GalNAc, which inhibits de novo protein O-glycosylation via serine and 

threonine, and iii) an HAdV-37 knob overlay protein blotting experiment, 

which showed that the knob can interact with a number of plasma 

membrane proteins purified from HCE cells. We could not see any effect on 



 

41 

HAdV-37 binding to or infection of HCE cells, pre-treated with N-

glycosidase F (removing N-glycans). From these results, we concluded that 

the GD1a glycan is used as receptor and is attached to a cell membrane 

protein through an O-glycosidic bond. Next, computer-based modeling was 

done, suggesting that the two terminal SAs of GD1a dock into two out three 

identical pockets in the trimeric HAdV-37 knobs. This was confirmed by 

saturation transfer difference (STD) NMR and also by X-ray crystallography. 

Structural data pointed out three residues to be of more important in the 

interaction: tyrosine (Tyr) 312, proline (Pro) 317, and lysine (Lys) 345, which 

was in agreement with previous structural studies of HAdV-37 knob and 

sialyllactose [93]. Lys345 was suggested to be critical for interaction with 

GD1a glycan by in silico substitution of Lys345 by alanine (Ala) and flow 

cytometry studies with wild type HAdV-37 knob and a Lys345Ala mutant 

knob confirmed that Lys345 is important for sialic acid-dependent binding. 

Surface plasmon resonance (SPR) was used to analyze the affinity between 

HAdV-37 knob and GD1a glycan. The obtained data suggested two different 

interactions: one with of lower affinity (265 µM) and one of relatively high 

affinity (19 µM). To confirm that all the EKC-causing HAdVs interact with 

GD1a glycans, fiber knobs from HAdV-5, HAdV-8, HAdV-9 HAdV-19, and 

HAdV-37, were preincubated with GD1a glycan, SA, or galactose before 

quantifying knob binding to HCE cells by means of flow cytometry. The 

GD1a glycan inhibited the binding of all knobs from species-D types but not 

of HAdV-5 (species C). In summary, we identified a glycan corresponding to 

the glycan motif of GD1a ganglioside to be a cellular receptor for EKC-

causing HAdVs.  

 

This article answered many of our questions regarding the interaction of 

EKC-causing HAdVs and corneal cells. However, there are questions that 

need to be answered to understand the HAdV-37:GD1a glycan interaction 

better. The first would be to determine whether the HAdV-37 knob can 

interact with other glycan structures, by using additional glycan arrays. 

Except for the glycan array we used with the help of the CFG other groups 

have developed similar but more powerful arrays. Blixt and co-workers have 
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developed a glycan array with 200 synthetic and natural glycans from 

glycoproteins and glycolipids [384]. Song and co-workers have developed a 

glycan array containing 77 sialyalated glycans [385]. Another glycan array 

with a different set-up has helped to identify a receptor for B-lymphotropic 

polyoma virus and a co-receptor for serotype 1 reovirus [386, 387]. These 

glycan arrays have been tested with different viruses, lectins, and other 

carbohydrate ligands. If we had used these additional glycan arrays, we 

might have gained even better understanding of whether the GD1a glycan is 

a unique receptor for EKC-causing HAdVs.  

 

We also found that the ganglioside itself did not function as a cellular 

receptor for EKC-causing HAdVs. However, we do not know yet whether the 

GD1a glycan can be found on glycoproteins through O-glycosidic bonds. 

Many groups are trying to identify glycans on glycoproteins. In one study, a 

highly glycosylated protein DMBT1 was found in human tears. By using LC-

MS, they detected glycans that contained two terminal SAs but with different 

structure to the GD1a glycan [388]. This indicates that glycan structures 

similar to the GD1a glycan may also be found on proteins. In a recent paper, 

a method for identification of glycan structure and glycan sites was 

developed [389]. A protein family of particular interest may be mucins, 

which are rich in O-linked glycans and are abundant on ocular cell surfaces. 

Using this method (mass spectroscopy-based), it may be possible to 

determine if GD1a glycans or GD1a-like glycans are present on mucins, and 

to support the usage of GD1a glycans as receptors for EKC-causing HAdVs.  

 

Another way to investigate the importance of glycans for EKC-causing 

HAdVs would be to knock down cellular glycosyltransferases. These 

knockdowns could be done either temporarily with siRNAs or by making 

stable cell lines with shRNA or CRISPR/Cas that do not express the specific 

glycosyltransferase. First, we would need to identify the glycosyltransferases 

that are unique to HCE cells or corneal tissue. Knockdown of unique 

glycosyltransferases could provide evidence of whether glycosylation is a 

tropism-dependent feature of EKC-causing HAdVs.  
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In this study, we used only corneal epithelial cells. EKC-causing HAdVs 

cause inflammation in both corneal and conjunctival tissue. It would 

therefore be interesting to determine whether GD1a glycans serve as 

receptors in conjunctival tissue as well. Here, human conjunctival HC0597 

cells may be a good model cell line to study receptors used by EKC-causing 

HAdVs, since they can be grown in multilayers [390, 391].  

 

We mutated Lys345 to Ala in the fiber knob of HAdV-37, which turned out to 

have a huge effect on the SA interaction. From this it would be of interest to 

make the same mutation in the whole virion. This because we cannot exclude 

the possibility that the results obtained may come from a conformation 

change in the HAdV-37 knob. Structural studies such as X-ray 

crystallography could be used to compare the conformations of the mutant 

knob and the wild type knob. Other aa:s are important for interaction with 

SA, Tyr312 and Pro317. It would also be interesting to determine what effect 

mutations of these aa:s would have on the interaction of SA. By mutating 

these aa:s in virions, we could find out whether these mutations are 

important for infection of HCE cells.  

 

Finally, the GD1a could be a receptor candidate for several other species-D 

HAdVs. Flow cytometry analysis with fiber knobs from HAdV-5, HAdV-8, 

HAdV-9, HAdV-19, and HAdV-37 preincubated with GD1a revealed that 

non-EKC causing HAdV-9 may also use GD1a glycan as receptor. Since many 

species-D HAdV types have sequence homology with EKC-causing HAdVs, 

they may have the ability to bind SA or GD1a glycan. The GD1a glycan could 

therefore be a receptor for other species-D HAdVs.  
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Papers II and III 
Paper II: 

 
A potent trivalent sialic acid inhibitor of adenovirus type 37 
infection of human corneal cells. 
Spjut S, Qian W, Bauer J, Storm R, Frängsmyr L, Stehle T, Arnberg N, 

Elofsson M. 

Angew Chem Int Ed Engl. 2011 Jul 11;50(29):6519-21.  

 
Paper III:  

Triazole linker-based trivalent sialic acid inhibitors of adenovirus 
type 37 infection of human corneal epithelial cells.                         

Rémi Caraballo, Michael Saleeb, Johannes Bauer, Antonio-Manuel Liaci, 

Naresh Chandra, Rickard J Storm, Lars Frängsmyr, Weixing Qian, Thilo 

Stehle, Niklas Arnberg, and Mikael Elofsson                                       

(Submitted). 

EKC is a contagious and severe ocular disease, which is estimated to cause 

20-40 million cases every year worldwide. EKC is characterized by keratitis 

and conjunctivitis together with pain, tearing, edema, and reduced vision 

that may last for months or even years. Currently, there is no available 

treatment for EKC. Based on the interaction between EKC-causing HAdVs 

and GD1a glycans, compounds with three or more terminal SAs were 

designed that could function as antivirals for EKC.  

 

In Paper II, three molecules were synthesized, all containing three 

components:  terminal SA, linkers, and different center-molecules. This set-

up generated thee molecules: two compounds with three terminal SAs 

(MEo322 and ME0323) and one compound with four terminal SAs 

(ME0324). The ability of these molecules to inhibit HAdV-37 binding to 

and infection of HCE cells were compared with SA and multivalent-SA, 

which are known to inhibit HAdV-37 binding to cells [378, 379] as controls. 

ME0322 proved to be the most efficient inhibitor of HAdV-37 binding to 



 

45 

HCE cells and was equally efficient as multivalent SA in inhibiting binding of 

HAdV-37 to HCE cells. In infection experiments ME0322 inhibited HAdV-

37 infection of HCE cells, with an IC50 of 0.38 µM, which is a lower 

concentration than any previously tested compound. The affinity between 

HAdV-37 knob and ME0322 was measured with SPR to be 14 µM, which is 

stronger than the affinity measured between GD1a glycan and HAdV-37 

knob. The HAdV-37 knob:ME0322 interaction was also investigated with 

X-ray crystallography. The interaction studies showed that the three SAs of 

ME0322 interacted with the same aa:s as sialyllactose and GD1a. 

 

In Paper III two new generations of trivalent-SA were synthesized. In the 

first generation the linker was exchange from that of ME0322 to a triazole 

ring, and synthesized with different lengths, 11a and 11b. The same linkers 

were used but with N-acyl-SA analogs resulting in compounds 12a and 12b. 

These four compounds were biologically evaluated in binding and infection 

experiments and compared with ME0322, SA, and GD1a glycan as controls. 

The results showed that 11a and 11b were the most efficient in inhibiting 

HAdV-37 binding and infection of HCE cells. 11b was the best inhibitor of 

HAdV-37 binding (IC50 of 107 nM) and infection (IC50 of 54 nM) as 

compared to ME0322 with an IC50 of 3.2 µM in binding and of 408 nM in 

infection. However, these results did not give any conclusive information on 

the importance of the linker lengths, a and b. Based on these results, 

another generation was designed with the same linker and lengths as 11 but 

with the triazole ring moved closer to the SA. These were called compounds 

17a and 17b. They were also evaluated in binding and infection experiments 

with ME0322 as control. Compound 17a proved to be even more efficient 

in inhibiting HAdV-37 binding and infection than the best compound in the 

first generation (11b). With an IC50 of 1.4 nM in binding and 2.9 nM in 

infection it was more than 140 times more efficient than ME322 in 

inhibiting HAdV-37 binding to and infection of HCE. However, it is unclear 

why 17b showed lower efficiency in inhibiting HAdV-37 binding and 

infection of HCE cells than compounds 11a, 11b, and 17a. SPR experiments 

showed that the HAdV-37 knob bound with the strongest affinity to 
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compound 17a, with a KD of 9.5 µM. Structural studies of all compounds 

showed similar interactions to the compounds in paper II and in previous 

studies [93, 157]. From these studies we identified a new promising drug 

candidate for treatment of HAdV-37.   

 

In these studies, SA-containing molecules were modified to optimize their 

inhibitory capacity. Compound 17a, which inhibited HAdV-37 binding and 

infection most efficiently, is a water-soluble molecule that could easily be 

added to non-toxic solutions for treatment of EKC.  

 

In none of these studies we evaluated the inhibitory effect of trivalent-SAs on 

all six EKC-causing HAdVs. Today, we can express fiber knobs from all six 

EKC-causing HAdVs. By preincubating all six fiber knobs with trivalent-SAs 

before quantifying binding to HCE cells with flow cytometry, their inhibitory 

efficiency against all EKC-causing HAdVs could be tested. Hopefully, 

trivalent-SAs are as efficient attachment inhibitor against all EKC-causing 

HAdVs. 

 

SA is a cellular receptor for many other viruses; one group of particular 

interest is influenza A virus. Influenza A virus also use SA as cellular 

receptors, which is mediated through the trimeric protein, hemagglutatinin 

(HA) [392]. Like HAdV-37, HAs have three apical, SA-binding sites, which 

could be reached by trivalent-SAs. The HA:trivalent-SA interaction could 

also be evaluated by SPR or ELISA, or for competition of virus binding and 

infection. A benefit of working with influenza A virus is that there are several 

available animal models, so if the trivalent-SA showed any effect/interaction 

with influenza A virus, there would be many animal models available to 

evaluate the in vivo effect of trivalent-SA. Today, there are no good animal 

models to study EKC-causing HAdVs infection or drug evaluation. There is 

one mouse model, C5BL/6J; here, the EKC-causing HAdVs are injected into 

to the eye to study viral pathogenesis [393]. However, this model resembles 

the human conditions poorly since in this model the injected virions 

aggregate and are cleared relatively soon from the mouse stroma [394]. 
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Other models of potential interest may be multi-cell layer structures formed 

by HCE and/or HC0597 cells [390, 391, 395]. Such systems have been used 

to study absorption ability of eye-specific drugs in ocular-like tissue [396, 

397], and could be used to study toxicity of trivalent-SA.  

 

Paper IV 
Involvement of corneal integrins during infection of human 
adenovirus type 37.                   
Rickard J Storm, Lars Nygård Skalman, Lars Frängsmyr, Mona Lindström, 

Anandi Rajan, Richard Lundmark, Fatima Pedrosa Domellöf, and Niklas 

Arnberg  (Manuscript).                                   

All HAdVs except HAdV-40 and HAdV-41 have RGD motif in the penton 

base. This motif mediates interaction with cellular integrins for efficient 

entry and escape from the endosome. Integrins are heterodimeric proteins 

consisting of α- and β-subunits, which can form 24 unique complexes 

involved in many cellular events. In a previous ELISA experiment, HAdV-37 

was shown to bind strongly to αVβ5, but according to the literature it is 

unclear whether αVβ5 is expressed in corneal epithelium. For this reason, we 

wanted to investigate which integrins are involved in HAdV-37 infection of, 

and binding to HCE cells. First, we characterized the expression of integrins 

in HCE cells with flow cytometry, and in human corneal sections with 

immunohistochemistry. From these experiments, we confirmed the result 

from a previous proteomic study [266] suggesting that HCE cells and corneal 

sections express α2, α3, α6, αV, β1, and β4. We could not find any expression 

of β3 or β5 suggesting that other integrins than αVβ3 or αVβ5 are involved in 

infection of corneal epithelium. To identify the specific integrin subunit(s) 

used for infection or binding, we used a number of Chinese hamster ovary 

cells (CHO) and human prostate cells (PC3N), transfected with cDNA:s 

encoding human integrins α2β1, α3, α5, αV (CHO), and α6 (PC3N). Two 

integrins, α3 and αV enhanced the infection by HAdV-37 but did not affect 

the binding by HAdV-37. These results were supported by data from 
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experiments where HCE cells were pretreated with anti integrin-specific 

antibodies. We also found that antibodies against the β1 subunit inhibited 

HAdV-37 infection of HCE cells. By pretreating HCE cells with integrin-

specific siRNA, in combination with αV-specific antibodies, HAdV-37 

infection of HCE cells was reduced significantly. Co-localization studies with 

Alexa Fluor-555 labeled HAdV-37 and antibody staining for α3 or αV 

integrins showed 20-40% virions co-localization with either α3 or αV at 30 

min on ice or at 15 min or 30 min at 37°C. Preincubation of HCE cells with 

the integrin-binding, RGD-containing ligands vitronectin, fibronectin, and 

laminin 511 inhibited (vitronectin and laminin 511) or enhanced 

(fibronectin) HAdV-37 infection of and binding to HCE cells. To investigate 

the importance of the RGD motif further, we synthesized peptides that 

mimicked the RGD sequence in HAdV-37 penton base. As control peptides, 

we used the corresponding peptide where the RGD motif was exchanged for 

a triple Ala and a short peptide (GRGDSP) that has been shown to inhibit 

HAdV infection [75]. The RGD-containing peptides (but not the triple Ala 

control peptide) inhibited HAdV-37 infection of HCE cells by 50-65%. From 

this study, we concluded that α3 and αV integrins are important for HAdV-

37 infection of, but not binding to HCE cells.  

Our data suggested that HAdV-37 uses α3 and αV integrins to infect human 

corneal epithelial cells. However, the siRNA experiment should be 

performed in a different set-up. In this study, we performed knockdown in 

each well to simplify large screening. But it is more difficult to correlate the 

data with the controls (cell-based ELISA); the knockdown in one well may 

not be the same in another well. In a new experimental set-up, I want to 

perform the knockdown in 6-well plate instead of 96-well plates. The benefit 

of this approach is that all cells would be treated under same conditions. So 

when the siRNA-treated cells from 6-well plates are seeded out for 

analysis/infection, the knockdown control can be correlated to those cells 

that are infected by HAdV-37. Another benefit is that we could treat the cells 

for a longer time compared to the set-up in the manuscript, to optimize 

integrin knockdown.  
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As discussed in the manuscript, to fully understand the role of integrins 

during EKC infection, the integrin expression should be investigated in 

limbal cells and conjunctival cells. αVβ5 has been shown to interact strongly 

with HAdV-37 [293], but our data clearly showed that HCE cells and corneal 

tissues do not express αVβ5. Thus, it would be of interest to investigate the 

expression of αVβ5 in cells of limbal origin (primary human corneolimbal 

epithelial cells, HCEC) and cells of conjunctival origin (HC0597) [390, 398]. 

As shown in [398], αVβ5 integrins are expressed in HCEC cells at low levels, 

which might suggest different infection mechanism in limbal cells compare 

to corneal cells. However, this should to be tested before we can draw any 

conclusions.  

 

As discussed in paper II and paper III, the HCE cells that we used can be 

grown in multilayer by air liquid interface. It would be interesting to see how 

integrin knockdowns interfere with HAdV-37 infection of multilayer HCE 

cells. These modifications of HCE cells could confirm the exact importance 

of α3 and αV integrins in HAdV-37 infection. However, since integrins are 

involved in cell-cell contacts, there is a risk that reduced integrin expression 

may interfere with the structural integrity of the multilayer.  

 
In this study, we did not have the possibility to test the direct interaction 

between HAdV-37 penton bases and integrins. It would have been 

interesting to use soluble penton base protein to analyze the function of 

integrins in various assays. For example we could i) measure the affinity 

between integrins and the penton base in SPR or ELISA, ii) binding of 

soluble penton base proteins to HCE cells in the presences of antibodies or 

after pre-treatment with integrin siRNAs, or iii) compete with infection 

using soluble penton base proteins. This could give us valuable information 

about the virion:integrin interaction.  
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Concluding remarks 
 

EKC is a severe and contagious ocular disease infecting 20-40 million 

individuals per year worldwide, and the disease is associated with huge 

socioeconomic costs. Due to the lack of efficient treatment against EKC, we 

started to search for cellular receptors used by EKC-causing HAdVs in order 

to identify new drug targets. We identified a glycan structure corresponding 

to the GD1a ganglioside, which interact with the knob domain of the viral 

fiber by its two terminal SAs. After a series of experiments we concluded that 

the ganglioside itself did not function as a cellular receptor, but the receptor 

is instead constituted by one or more membrane bound proteins carrying 

GD1a or very similar glycans via O-glycosidic bonds.  SPR analysis 

demonstrated that the interaction between the knob and the glycan was a 

relatively strong protein-carbohydrate interaction (KD = 19 µM). These 

findings enables the way for design and development of molecules with tree 

or more terminal SAs, assumed to bind even stronger and prevent binding 

and infection even more efficient.   

 

Guided by data from structure-function analysis, ten compounds with three 

or four terminal SAs were designed and evaluated in binding and infection 

experiments. Compound 17a efficiently inhibited HAdV-37 binding to (IC50 

= 1.4 nM) and infection (IC50 =2.9nM) of HCE, which was more than 1000 

times more efficient than the GD1a glycan itself. Thus, these compounds 

show potential for topical treatment against EKC.  

 

Finally, we investigated the importance of integrins during HAdV-37 binding 

to and infection of the HCE cells. First we established that the HCE cell line 

was a suitable model also for these studies, since this cell line exhibited 

similar integrin expression levels as primary corneal epithelial tissue. By a 

series of competition binding and infection experiments, including the usage 

of integrin-specific antibodies, ii) integrin-recognizing ligands, and iii) RGD-

containing peptides in combination siRNA-based down regulation of 
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integrin expression and co-localization studies we suggested that α3 and αV 

integrins are important for HAdV-37 infection of HCE cells but not for 

binding to these.  

In summary, I have identified an attachment receptor GD1a, and co-

receptors (integrins) that are used by EKC-causing adenoviruses. These 

findings contribute with further insight into the biology of adenoviruses and 

also show that receptor-ligand interactions may be suitable targets for drug 

development such as optimization of trivalent-SA.  

 
 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 



 

52 

Acknowledgements 

Efter nästan 5 års studier som doktorand är det lätt att glömma någon eller 
några personer som har bidragit till detta arbete. Dock vill jag förtydliga hur 
viktiga ni alla varit även om ni inte nämns här. Ett oerhört stort tack till 
alla er som finns i min närhet så som min familj, mina kollegor 
och mina vänner för att ni stått ut med mig och mina 
underligheter under denna resa! 
 
Den som ska ha det första och största tacket är du Niklas, som tålmodigt 
och med positiv anda har handlett mig under min doktorandtid! Jag 
kommer ihåg vårt första möte där jag skulle få en beskrivning av din grupps 
olika projekt som skulle kunna vara intressanta för mig att arbeta inom. 
Detta möte handlade i slutändan mer om fotboll än om forskning. Denna 
viktiga egenskap, att lika gärna prata om sport (eller andra intressanta 
saker) som jobb, är en stor anledning att jag har trivs så bra under din 
handledning (även om vi ibland varit oense om hur vi ska driva projektet). 
Under din handledning har jag lärt mig ordets mening och haft möjlighet att 
växa som människa, forskare och tänkare, för detta är jag dig evigt tacksam. 
 
Lars F, som min bilhandlare imponeras jag av hur nyfiken du är på att vilja 
förstå helheten, som hur de små interaktionerna även har inverkan på andra 
mekanismer. Detta har inspirerat mig att våga titta på saker bortom den 
ursprungliga frågeställningen för att kunna förstå problemet i sin helhet. Jag 
är också tacksam för det stöd och de diskussioner som vi har haft genom min 
doktorandtid.  
 
Fatima och Mona på Instititionen för integrativ medicinsk biologi, ni har 
båda varit del i de två artiklar där jag står som delat eller ensamt förstanamn 
(Paper I och Paper IV). Tack för ert otroligt viktiga arbete!   
 
Jag vill tacka Mikael E med gruppmedlemmarna Sara, Wiexing och 
Rémi för de fina artiklar (Paper II och Paper III) som vi har åstadkommit 
tillsammans!  
 
Thilo och Johannes för ert otroligt viktiga arbete med kristallografi 
strukturer som ni har bidragit med i tre av fyra artiklar (Paper I, Paper II 
och Paper III). 
 
Richard L och Lars NS för ett gott samarbete under manuskriptet till 
Paper IV.  
 



 

53 

 
En person som inte är handledare men som alltid har svar på labb-relaterade 
frågor är du, Kickan. Tack för att du alltid ställer upp och för att du är du! 
Utan dig skulle virologen inte vara lika rolig och trivsam.  Du är också en av 
dem som har varit mest aktiv och entusiastisk i mitt sidoprojekt, socilizing 
corner.  
 
Katrine tack för att du har svarat tålmodigt på alla frågor som jag har 
kommit med genom åren! Alltid med ett leende som värmer när man 
kommer förbi och är vilsen i frågor som inte rör forskning.  
 
Två andra herrar som bidrar med glädje som alltid hejar och pratar skit är 
Torgny och Bert på lanstingssidan, tack för era glada miner!  
 
Ett stort tack till poker gänget (Niklas, Stefan, Nitte, David, Janne, Lars 
F, Marko, Torgny och Bert) för att ni har delat med er av era pengar till 
mig.  
 
Lina att du kunde designa ett så perfekt omslag utifrån mina tankar och min 
lilla skiss, är bara makalöst.  
 
Ann-marie och Maria, i vårt lilla systerskap med våra diskussioner och 
framför allt våra associationer har jag aldrig tråkigt. Våra ölprovningar med 
Greg är både svåra att minnas och oförglömliga på en och samma gång. 
Tack för att ni är likadana som jag!  
 
Jag vill tacka övriga personer och personal på virologen och landstinget för 
den gemytliga miljön som vi har, som gjort att jag känt mig som hemma här.  
 
Ett stort tack till alla ni som finns och har funnits i Niklas grupp under min 
doktorandtid; Anandi, Anna-Sara, Agniezka, Carin, David, Emma, 
Mari, Marko, Nitte, Naresh, Raquel, Sharvani, Stefan och Urban. Ni 
har alla bidragit till att min tid som doktorand har varit FETT BRA! Jag 
önskar er all framgång inom er framtida karriär och ert framtida liv! 
 
Ett stort tack till alla mina kära vänner som förgyller min tid både på och 
utanför universitetet; Lars NS, Anneli, Andersson, Tony, Lisa, 
Markus, Therese, Kerstin, Hanna LM, Spencer, Hanna N, och 
Christoffer. Lars har även aktivt bidragit till resultatet i denna avhandling. 
Jag skulle kunna skriva en hel avhandling om hur viktiga ni är för mig! Ett 
stort tack till er alla! Jag önskar er all lycka i framtiden och hoppas att vi 
fortsätter att träffas för en lång tid framöver!  
 



 

54 

Att jag har orkat genomföra denna resa beror på min underbara familj som 
alltid har stöttat mig i mitt val att flytta ifrån Ekedalen upp till Umeå. Det är 
tack vare min pappa Yngve, min bror Daniel och min syster Annie som 
jag har vågat satsa på en karriär inom forskningen. Utan er hade det inte 
blivit någon avhandling eller ens studier i Umeå.  
 
Denna bok är en hyllning till en mor som inte haft möjligheten att följa min 
resa och till min sambo Linda som jag rankar som min största upptäckt 
under doktorandtiden och som jag inte vet vad jag skulle göra utan!  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

55 

References  

1. Rowe, W.P., et al., Isolation of a cytopathogenic agent from human 
adenoids undergoing spontaneous degeneration in tissue culture. 
Proc Soc Exp Biol Med, 1953. 84(3): p. 570-3. 

2. Hilleman, M.R. and J.H. Werner, Recovery of new agent from 
patients with acute respiratory illness. Proc Soc Exp Biol Med, 
1954. 85(1): p. 183-8. 

3. M.s.Horowitz, W.W.S.M.a., Fields Virology 5th Ed. Vol. 2. 2007: 
Lippincott Williams & Wilkins. 

4. Adler H, Keratitis subepithelialis  Zentralbl. Prakt. Augenheilkd, 
1889(13): p. 289-294. 

5. Gunn M, two cases of superficial punctate keratitis. Trans. 
Ophthalmol Soc UK, 1890(10): p. 79-80. 

6. Inoue M, Superficial punctate keratitis. Ganka Zasshi, 1984(1): p. 
273. 

7. Wiener M, Keratitis punctata superficialis, with a report of a case. . 
Arch Ophthalmol, 1909(38): p. 120-124. 

8. Herbert H, Superficial puncatate keratitis associated with an 
encapsulated bacillus. Ophthalmol Rev 1901(20): p. 339-345. 

9. Hobson LC, Acute epidemic superficial punctate keratitis. . Am J 
Ophthalmol 1938(21): p. 1153-1155. 

10. Holmes WJ, Epidemic infectious conjunctivitis Hawaii. Med J. , 
1941(1): p. 11-12. 

11. Jawetz E, The story of shipyard eye. . Br. Med. J., 1959(1): p. 873-
876. 

12. Rieke FE, Epidemic conjunctivitis of presumed virus causation: 
report of an estimated six hundred cases in one shipyard. . JAMA 
1942(119): p. 942-943. 

13. Houwer AW, Keratitis nummularis (Dimmer). Ned. Tijdschr. 
Geneeskd., 1938(82): p. 4152-4156. 



 

56 

14. Hogan MJ, C.J., Epidemic keratoconjunctivitis with a reveiw of the 
literature and a report of 125 cases. Am J Ophthalmol, 1942(25): p. 
1059-1078. 

15. Jawetz, E., et al., new type of APC virus from epidemic 
keratoconjunctivitis. Science, 1955. 122(3181): p. 1190-1. 

16. Bell SD, M.D., Murray ES, et al, , Adenovirus isolated from Saudi 
Arabia. I. Epidemiologic features. Am. J. Trop. Med. Hyg. , 1959(8): 
p. 492-500. 

17. Schaap, G.J., et al., A new intermediate adenovirus type causing 
conjunctivitis. Arch Ophthalmol, 1979. 97(12): p. 2336-8. 

18. Ishiko, H. and K. Aoki, Spread of epidemic keratoconjunctivitis due 
to a novel serotype of human adenovirus in Japan. J Clin 
Microbiol, 2009. 47(8): p. 2678-9. 

19. Kaneko, H., et al., Recombination analysis of intermediate human 
adenovirus type 53 in Japan by complete genome sequence. J Gen 
Virol, 2011. 92(Pt 6): p. 1251-9. 

20. Kaneko, H., et al., Complete genome analysis of a novel intertypic 
recombinant human adenovirus causing epidemic 
keratoconjunctivitis in Japan. J Clin Microbiol, 2011. 49(2): p. 484-
90. 

21. Berget, S.M., C. Moore, and P.A. Sharp, Spliced segments at the 5' 
terminus of adenovirus 2 late mRNA. Proc Natl Acad Sci U S A, 
1977. 74(8): p. 3171-5. 

22. Chow, L.T., et al., An amazing sequence arrangement at the 5' ends 
of adenovirus 2 messenger RNA. Cell, 1977. 12(1): p. 1-8. 

23. Tatsis, N. and H.C. Ertl, Adenoviruses as vaccine vectors. Mol Ther, 
2004. 10(4): p. 616-29. 

24. Ledgerwood, J.E., et al., Chimpanzee Adenovirus Vector Ebola 
Vaccine - Preliminary Report. N Engl J Med, 2014. 

25. King A.M.Q, A.M.J., Carstens E.B, Lefkowitz E.J, , Virus Taxonomoy 
ninth report of Interantional Committee on Taxonomy of Viruses  
Vol. 9. 2012: Elsevier inc. 125-132. 



 

57 

26. Wadell, G., et al., Genetic variability of adenoviruses. Ann N Y Acad 
Sci, 1980. 354: p. 16-42. 

27. Nakamura, M., et al., Surveillance of adenovirus D in patients with 
epidemic keratoconjunctivitis from Fukui Prefecture, Japan, 1995-
2010. J Med Virol, 2012. 84(1): p. 81-6. 

28. Seto, D., et al., Using the whole-genome sequence to characterize 
and name human adenoviruses. J Virol, 2011. 85(11): p. 5701-2. 

29. Aoki, K., et al., Toward an integrated human adenovirus 
designation system that utilizes molecular and serological data and 
serves both clinical and fundamental virology. J Virol, 2011. 85(11): 
p. 5703-4. 

30. Fox, J.P., et al., The virus watch program: a continuing 
surveillance of viral infections in metropolitan New York families. 
VI. Observations of adenovirus infections: virus excretion patterns, 
antibody response, efficiency of surveillance, patterns of infections, 
and relation to illness. Am J Epidemiol, 1969. 89(1): p. 25-50. 

31. Niemann, T.H., et al., Disseminated adenoviral infection presenting 
as acute pancreatitis. Hum Pathol, 1993. 24(10): p. 1145-8. 

32. Brandt, C.D., et al., Infections in 18,000 infants and children in a 
controlled study of respiratory tract disease. I. Adenovirus 
pathogenicity in relation to serologic type and illness syndrome. 
Am J Epidemiol, 1969. 90(6): p. 484-500. 

33. Purkayastha, A., et al., Genomic and bioinformatics analysis of 
HAdV-7, a human adenovirus of species B1 that causes acute 
respiratory disease: implications for vector development in human 
gene therapy. Virology, 2005. 332(1): p. 114-29. 

34. De Jong, J.C., Wigand R, Kidd AH et al, Candidate adenoviruses 40 
and 41: fastidious adenoviruses from human infant stool. J. Med. 
Viorlogy. , 1983(11): p. 215-231. 

35. Gary, G.W., Jr., J.C. Hierholzer, and R.E. Black, Characteristics of 
noncultivable adenoviruses associated with diarrhea in infants: a 
new subgroup of human adenoviruses. J Clin Microbiol, 1979. 
10(1): p. 96-103. 

36. Wigand, R., et al., Isolation and identification of enteric 
adenoviruses. J Med Virol, 1983. 11(3): p. 233-40. 



 

58 

37. Ramos-Alvarez, M. and A.B. Sabin, Enteropathogenic viruses and 
bacteria; role in summer diarrheal diseases of infancy and early 
childhood. J Am Med Assoc, 1958. 167(2): p. 147-56. 

38. Uhnoo, I., et al., Importance of enteric adenoviruses 40 and 41 in 
acute gastroenteritis in infants and young children. J Clin 
Microbiol, 1984. 20(3): p. 365-72. 

39. Brandt, C.D., et al., Adenoviruses and pediatric gastroenteritis. J 
Infect Dis, 1985. 151(3): p. 437-43. 

40. Soares, C.C., et al., Prevalence of enteric adenoviruses among 
children with diarrhea in four Brazilian cities. J Clin Virol, 2002. 
23(3): p. 171-7. 

41. He, Y., H. Yang, and Y. Lin, [Studies on epidemic feature of enteric 
adenoviruses infection in feces of infants with diarrhea in 
Shenzhen]. Zhonghua Liu Xing Bing Xue Za Zhi, 2001. 22(2): p. 96-
8. 

42. Gray, G.C., et al., Genotype prevalence and risk factors for severe 
clinical adenovirus infection, United States 2004-2006. Clin Infect 
Dis, 2007. 45(9): p. 1120-31. 

43. Hierholzer, J.C., Adenoviruses in the immunocompromised host. 
Clin Microbiol Rev, 1992. 5(3): p. 262-74. 

44. Krilov, L.R., et al., Disseminated adenovirus infection with hepatic 
necrosis in patients with human immunodeficiency virus infection 
and other immunodeficiency states. Rev Infect Dis, 1990. 12(2): p. 
303-7. 

45. Hierholzer, J.C., et al., Adenoviruses from patients with AIDS: a 
plethora of serotypes and a description of five new serotypes of 
subgenus D (types 43-47). J Infect Dis, 1988. 158(4): p. 804-13. 

46. Janoff, E.N., et al., Adenovirus colitis in the acquired 
immunodeficiency syndrome. Gastroenterology, 1991. 100(4): p. 
976-9. 

47. Ford, E., K.E. Nelson, and D. Warren, Epidemiology of epidemic 
keratoconjunctivitis. Epidemiol Rev, 1987. 9: p. 244-61. 

48. Laibson PR, Ocular adenoviral infections. Int Ophtalmol Clin 
1984(24): p. 49-64. 



 

59 

49. Dawson, C.R., et al., Adenovirus type 8 keratoconjunctivitis in the 
United States. 3. Epidemiologic, clinical, and microbiologic 
features. Am J Ophthalmol, 1970. 69(3): p. 473-80. 

50. Hara, J., et al., Adenovirus type 10 keratoconjunctivitis with 
increased intraocular pressure. Am J Ophthalmol, 1980. 90(4): p. 
481-4. 

51. Aoki, K., et al., Viral conjunctivitis with special reference to 
adenovirus type 37 and enterovirus 70 infection. Jpn J Ophthalmol, 
1986. 30(2): p. 158-64. 

52. Kaufman, H.E., Treatment of viral diseases of the cornea and 
external eye. Prog Retin Eye Res, 2000. 19(1): p. 69-85. 

53. Gordon, J.S., Aoki, K. and Kinchington, P.R. , Adenovirus 
Keratoconjunctivitis, in Ocular infection and immunity, 
G.N.H.a.K.R.W. J.S. Pepose, Editor. 1996: St. Louis: Mosby. p. 877-
894. 

54. Aoki, K. and Y. Tagawa, A twenty-one year surveillance of 
adenoviral conjunctivitis in Sapporo, Japan. Int Ophthalmol Clin, 
2002. 42(1): p. 49-54. 

55. Prevention, C.f.D.C.a., Adenovirus-associated Epidemic 
Keratoconjunctivitis Outbreaks- four States, 2008-2010. MMWR, 
2013. 62: p. 637-641. 

56. Schrauder, A., et al., Epidemic conjunctivitis in Germany, 2004. 
Euro Surveill, 2006. 11(7): p. 185-7. 

57. Adlhoch, C., et al., Increasing case numbers of adenovirus 
conjunctivitis in Germany, 2010. Euro Surveill, 2010. 15(45). 

58. Kinchington, P.R., E.G. Romanowski, and Y. Jerold Gordon, 
Prospects for adenovirus antivirals. J Antimicrob Chemother, 
2005. 55(4): p. 424-9. 

59. Wilson, S.A. and A. Last, Management of corneal abrasions. Am 
Fam Physician, 2004. 70(1): p. 123-8. 

60. Daniels, J.T., et al., Corneal stem cells in review. Wound Repair 
Regen, 2001. 9(6): p. 483-94. 



 

60 

61. SAHIN, P.H.a.A., Limbus and Corneal Epithelium, in Ocular 
Surface Disease: Cornea, Conjunctiva and Tear Film, M.J.M. 
Edward J. Holland, W. Barry Lee, Editor. 2013, Elsevier Inc. p. 29-
33. 

62. Secker, G.A. and J.T. Daniels, Limbal epithelial stem cells of the 
cornea, in StemBook. 2008: Cambridge (MA). 

63. Lavker, R.M., et al., Relative proliferative rates of limbal and 
corneal epithelia. Implications of corneal epithelial migration, 
circadian rhythm, and suprabasally located DNA-synthesizing 
keratinocytes. Invest Ophthalmol Vis Sci, 1991. 32(6): p. 1864-75. 

64. Rux, J.J. and R.M. Burnett, Adenovirus structure. Hum Gene Ther, 
2004. 15(12): p. 1167-76. 

65. Valentine, R.C. and H.G. Pereira, Antigens and structure of the 
adenovirus. J Mol Biol, 1965. 13(1): p. 13-20. 

66. Russell WC, Adenoviruses: update on structure and function. J Gen 
Virol, 2009. 90: p. 1-20. 

67. Crawford-Miksza, L. and D.P. Schnurr, Analysis of 15 adenovirus 
hexon proteins reveals the location and structure of seven 
hypervariable regions containing serotype-specific residues. J 
Virol, 1996. 70(3): p. 1836-44. 

68. Burnett, R.M., The structure of the adenovirus capsid. II. The 
packing symmetry of hexon and its implications for viral 
architecture. J Mol Biol, 1985. 185(1): p. 125-43. 

69. Saban, S.D., et al., Visualization of alpha-helices in a 6-angstrom 
resolution cryoelectron microscopy structure of adenovirus allows 
refinement of capsid protein assignments. J Virol, 2006. 80(24): p. 
12049-59. 

70. Takeuchi, S., et al., Serotyping of adenoviruses on conjunctival 
scrapings by PCR and sequence analysis. J Clin Microbiol, 1999. 
37(6): p. 1839-45. 

71. Pichla-Gollon, S.L., et al., Structure-based identification of a major 
neutralizing site in an adenovirus hexon. J Virol, 2007. 81(4): p. 
1680-9. 



 

61 

72. Kalyuzhniy, O., et al., Adenovirus serotype 5 hexon is critical for 
virus infection of hepatocytes in vivo. Proc Natl Acad Sci U S A, 
2008. 105(14): p. 5483-8. 

73. Lenman, A., et al., Coagulation factor IX mediates serotype-specific 
binding of species A adenoviruses to host cells. J Virol, 2011. 
85(24): p. 13420-31. 

74. Jonsson, M.I., et al., Coagulation factors IX and X enhance binding 
and infection of adenovirus types 5 and 31 in human epithelial cells. 
J Virol, 2009. 83(8): p. 3816-25. 

75. Mathias, P., et al., Multiple adenovirus serotypes use alpha v 
integrins for infection. J Virol, 1994. 68(10): p. 6811-4. 

76. Shayakhmetov, D.M., et al., Deletion of penton RGD motifs affects 
the efficiency of both the internalization and the endosome escape 
of viral particles containing adenovirus serotype 5 or 35 fiber 
knobs. J Virol, 2005. 79(2): p. 1053-61. 

77. Albinsson, B. and A.H. Kidd, Adenovirus type 41 lacks an RGD 
alpha(v)-integrin binding motif on the penton base and undergoes 
delayed uptake in A549 cells. Virus Res, 1999. 64(2): p. 125-36. 

78. Leung, T.K. and M. Brown, Block in entry of enteric adenovirus 
type 41 in HEK293 cells. Virus Res, 2011. 156(1-2): p. 54-63. 

79. Wang, H., et al., Desmoglein 2 is a receptor for adenovirus 
serotypes 3, 7, 11 and 14. Nat Med, 2011. 17(1): p. 96-104. 

80. Galinier, R., et al., Adenovirus protein involved in virus 
internalization recruits ubiquitin-protein ligases. Biochemistry, 
2002. 41(48): p. 14299-305. 

81. Zubieta, C., et al., The structure of the human adenovirus 2 penton. 
Mol Cell, 2005. 17(1): p. 121-35. 

82. Devaux, C., et al., Crystallization, enzymatic cleavage, and the 
polarity of the adenovirus type 2 fiber. Virology, 1987. 161(1): p. 
121-8. 

83. Tarassishin, L., et al., An epitope on the adenovirus fibre tail is 
common to all human subgroups. Arch Virol, 2000. 145(4): p. 805-
11. 



 

62 

84. Signas, C., G. Akusjarvi, and U. Pettersson, Adenovirus 3 fiber 
polypeptide gene: implications for the structure of the fiber protein. 
J Virol, 1985. 53(2): p. 672-8. 

85. Kidd, A.H., et al., Adenovirus type 40 virions contain two distinct 
fibers. Virology, 1993. 192(1): p. 73-84. 

86. Pieniazek, N.J., et al., Human enteric adenovirus type 41 (Tak) 
contains a second fiber protein gene. Nucleic Acids Res, 1990. 
18(7): p. 1901. 

87. Annasara Lenman, A.M.L., Yan Liu, Carin Årdahl, Emma Nilsson, 
Will Bradford, Morris S Jones, Lars Frängsmyr, Ten Feizi, Thilo 
Stehle, Niklas Arnberg, Human adenovirus 52 uses sialic acid-
containing glycoproteins and the coxsackie and adenovirus 
receptor for binding to target cells. In Press PLOS pathogens, 2015. 

88. Dechecchi, M.C., et al., Heparan sulfate glycosaminoglycans are 
involved in adenovirus type 5 and 2-host cell interactions. Virology, 
2000. 268(2): p. 382-90. 

89. Smith, T.A., et al., Receptor interactions involved in adenoviral-
mediated gene delivery after systemic administration in non-
human primates. Hum Gene Ther, 2003. 14(17): p. 1595-604. 

90. Roelvink, P.W., et al., The coxsackievirus-adenovirus receptor 
protein can function as a cellular attachment protein for 
adenovirus serotypes from subgroups A, C, D, E, and F. J Virol, 
1998. 72(10): p. 7909-15. 

91. Sirena, D., et al., The human membrane cofactor CD46 is a receptor 
for species B adenovirus serotype 3. J Virol, 2004. 78(9): p. 4454-
62. 

92. Persson, B.D., et al., Adenovirus type 11 binding alters the 
conformation of its receptor CD46. Nat Struct Mol Biol, 2007. 
14(2): p. 164-6. 

93. Burmeister, W.P., et al., Crystal structure of species D adenovirus 
fiber knobs and their sialic acid binding sites. J Virol, 2004. 78(14): 
p. 7727-36. 

94. Russell, W.C. and G.E. Blair, Polypeptide phosphorylation in 
adenovirus-infected cells. J Gen Virol, 1977. 34(1): p. 19-35. 



 

63 

95. Russell, W.C. and G.D. Kemp, Role of adenovirus structural 
components in the regulation of adenovirus infection. Curr Top 
Microbiol Immunol, 1995. 199 ( Pt 1): p. 81-98. 

96. Tsuzuki, J. and R.B. Luftig, The adenovirus type 5 capsid protein 
IIIa is phosphorylated during an early stage of infection of HeLa 
cells. Virology, 1983. 129(2): p. 529-33. 

97. Liu, H., et al., Atomic structure of human adenovirus by cryo-EM 
reveals interactions among protein networks. Science, 2010. 
329(5995): p. 1038-43. 

98. Ma, H.C. and P. Hearing, Adenovirus structural protein IIIa is 
involved in the serotype specificity of viral DNA packaging. J Virol, 
2011. 85(15): p. 7849-55. 

99. Stewart, P.L., et al., Image reconstruction reveals the complex 
molecular organization of adenovirus. Cell, 1991. 67(1): p. 145-54. 

100. Stewart, P.L., S.D. Fuller, and R.M. Burnett, Difference imaging of 
adenovirus: bridging the resolution gap between X-ray 
crystallography and electron microscopy. EMBO J, 1993. 12(7): p. 
2589-99. 

101. Reddy, V.S. and G.R. Nemerow, Structures and organization of 
adenovirus cement proteins provide insights into the role of capsid 
maturation in virus entry and infection. Proc Natl Acad Sci U S A, 
2014. 111(32): p. 11715-20. 

102. Reddy, V.S., et al., Crystal structure of human adenovirus at 3.5 A 
resolution. Science, 2010. 329(5995): p. 1071-5. 

103. Silvestry, M., et al., Cryo-electron microscopy structure of 
adenovirus type 2 temperature-sensitive mutant 1 reveals insight 
into the cell entry defect. J Virol, 2009. 83(15): p. 7375-83. 

104. Moyer, C.L., et al., Functional genetic and biophysical analyses of 
membrane disruption by human adenovirus. J Virol, 2011. 85(6): 
p. 2631-41. 

105. Maier, O. and C.M. Wiethoff, N-terminal alpha-helix-independent 
membrane interactions facilitate adenovirus protein VI induction 
of membrane tubule formation. Virology, 2010. 408(1): p. 31-8. 



 

64 

106. Wiethoff, C.M., et al., Adenovirus protein VI mediates membrane 
disruption following capsid disassembly. J Virol, 2005. 79(4): p. 
1992-2000. 

107. Wodrich, H., et al., A capsid-encoded PPxY-motif facilitates 
adenovirus entry. PLoS Pathog, 2010. 6(3): p. e1000808. 

108. Schreiner, S., et al., Transcriptional activation of the adenoviral 
genome is mediated by capsid protein VI. PLoS Pathog, 2012. 8(2): 
p. e1002549. 

109. Wodrich, H., et al., Switch from capsid protein import to 
adenovirus assembly by cleavage of nuclear transport signals. 
EMBO J, 2003. 22(23): p. 6245-55. 

110. Matthews, D.A. and W.C. Russell, Adenovirus protein-protein 
interactions: molecular parameters governing the binding of 
protein VI to hexon and the activation of the adenovirus 23K 
protease. J Gen Virol, 1995. 76 ( Pt 8): p. 1959-69. 

111. Liu, G.Q., et al., A thermolabile mutant of adenovirus 5 resulting 
from a substitution mutation in the protein VIII gene. J Virol, 1985. 
53(3): p. 920-5. 

112. Singh, M., M. Shmulevitz, and S.K. Tikoo, A newly identified 
interaction between IVa2 and pVIII proteins during porcine 
adenovirus type 3 infection. Virology, 2005. 336(1): p. 60-9. 

113. Remaut, H. and G. Waksman, Protein-protein interaction through 
beta-strand addition. Trends Biochem Sci, 2006. 31(8): p. 436-44. 

114. Vellinga, J., S. Van der Heijdt, and R.C. Hoeben, The adenovirus 
capsid: major progress in minor proteins. J Gen Virol, 2005. 86(Pt 
6): p. 1581-8. 

115. Furcinitti, P.S., J. van Oostrum, and R.M. Burnett, Adenovirus 
polypeptide IX revealed as capsid cement by difference images 
from electron microscopy and crystallography. EMBO J, 1989. 
8(12): p. 3563-70. 

116. Boulanger, P., et al., Characterization of adenovirus protein IX. J 
Gen Virol, 1979. 44(3): p. 783-800. 



 

65 

117. Colby, W.W. and T. Shenk, Adenovirus type 5 virions can be 
assembled in vivo in the absence of detectable polypeptide IX. J 
Virol, 1981. 39(3): p. 977-80. 

118. de Vrij, J., et al., Enhanced transduction of CAR-negative cells by 
protein IX-gene deleted adenovirus 5 vectors. Virology, 2011. 
410(1): p. 192-200. 

119. Strunze, S., et al., Kinesin-1-mediated capsid disassembly and 
disruption of the nuclear pore complex promote virus infection. Cell 
Host Microbe, 2011. 10(3): p. 210-23. 

120. Suomalainen, M., et al., Microtubule-dependent plus- and minus 
end-directed motilities are competing processes for nuclear 
targeting of adenovirus. J Cell Biol, 1999. 144(4): p. 657-72. 

121. Lutz, P., M. Rosa-Calatrava, and C. Kedinger, The product of the 
adenovirus intermediate gene IX is a transcriptional activator. J 
Virol, 1997. 71(7): p. 5102-9. 

122. Parks, R.J., Adenovirus protein IX: a new look at an old protein. 
Mol Ther, 2005. 11(1): p. 19-25. 

123. Ghosh-Choudhury, G., Y. Haj-Ahmad, and F.L. Graham, Protein IX, 
a minor component of the human adenovirus capsid, is essential 
for the packaging of full length genomes. EMBO J, 1987. 6(6): p. 
1733-9. 

124. Sargent, K.L., et al., Development of a size-restricted pIX-deleted 
helper virus for amplification of helper-dependent adenovirus 
vectors. Gene Ther, 2004. 11(6): p. 504-11. 

125. Fabry, C.M., et al., A quasi-atomic model of human adenovirus type 
5 capsid. EMBO J, 2005. 24(9): p. 1645-54. 

126. Jiang, W., et al., Structure of epsilon15 bacteriophage reveals 
genome organization and DNA packaging/injection apparatus. 
Nature, 2006. 439(7076): p. 612-6. 

127. Rekosh, D.M., et al., Identification of a protein linked to the ends of 
adenovirus DNA. Cell, 1977. 11(2): p. 283-95. 

128. Robinson, A.J., et al., Replicating adenovirus 2 DNA molecules 
contain terminal protein. Virology, 1979. 96(1): p. 143-58. 



 

66 

129. van Oostrum, J. and R.M. Burnett, Molecular composition of the 
adenovirus type 2 virion. J Virol, 1985. 56(2): p. 439-48. 

130. Brown, D.T., et al., Structure and composition of the adenovirus 
type 2 core. J Virol, 1975. 16(2): p. 366-87. 

131. Vayda, M.E. and S.J. Flint, Isolation and characterization of 
adenovirus core nucleoprotein subunits. J Virol, 1987. 61(10): p. 
3335-9. 

132. Wodrich, H., et al., Adenovirus core protein pVII is translocated 
into the nucleus by multiple import receptor pathways. J Virol, 
2006. 80(19): p. 9608-18. 

133. Chatterjee, P.K., M.E. Vayda, and S.J. Flint, Interactions among the 
three adenovirus core proteins. J Virol, 1985. 55(2): p. 379-86. 

134. Davison, A.J., M. Benko, and B. Harrach, Genetic content and 
evolution of adenoviruses. J Gen Virol, 2003. 84(Pt 11): p. 2895-
908. 

135. Zhang, W., et al., Role for the adenovirus IVa2 protein in packaging 
of viral DNA. J Virol, 2001. 75(21): p. 10446-54. 

136. van der Vliet, P.C., W. Keegstra, and H.S. Jansz, Complex formation 
between the adenovirus type 5 DNA-binding protein and single-
stranded DNA. Eur J Biochem, 1978. 86(2): p. 389-98. 

137. Zijderveld, D.C. and P.C. van der Vliet, Helix-destabilizing 
properties of the adenovirus DNA-binding protein. J Virol, 1994. 
68(2): p. 1158-64. 

138. Klein, H., W. Maltzman, and A.J. Levine, Structure-function 
relationships of the adenovirus DNA-binding protein. J Biol Chem, 
1979. 254(21): p. 11051-60. 

139. Linne, T. and L. Philipson, Further characterization of the 
phosphate moiety of the adenovirus type 2 DNA-binding protein. 
Eur J Biochem, 1980. 103(2): p. 259-70. 

140. Schechter, N.M., W. Davies, and C.W. Anderson, Adenovirus coded 
deoxyribonucleic acid binding protein. Isolation, physical 
properties, and effects of proteolytic digestion. Biochemistry, 1980. 
19(12): p. 2802-10. 



 

67 

141. Morin, N., C. Delsert, and D.F. Klessig, Nuclear localization of the 
adenovirus DNA-binding protein: requirement for two signals and 
complementation during viral infection. Mol Cell Biol, 1989. 9(10): 
p. 4372-80. 

142. Tsernoglou, D., et al., Characterization of the chymotryptic core of 
the adenovirus DNA-binding protein. FEBS Lett, 1985. 188(2): p. 
248-52. 

143. Burnett, C.S.M.a.R.M., Structrual studies on adenovirus, in 
Adenoviruses: Model and vectors in virus-host interaction, 
W.D.a.P. Böhm, Editor. 2003, Springer-Verlag: Berlin, Heidelberg, 
yew york. p. 58-94. 

144. Weber, J.M., Adenovirus endopeptidase and its role in virus 
infection. Curr Top Microbiol Immunol, 1995. 199 ( Pt 1): p. 227-
35. 

145. Chatterjee, P.K. and S.J. Flint, Adenovirus type 2 endopeptidase: an 
unusual phosphoprotein enzyme matured by autocatalysis. Proc 
Natl Acad Sci U S A, 1987. 84(3): p. 714-8. 

146. Greber, U.F., et al., The role of the adenovirus protease on virus 
entry into cells. EMBO J, 1996. 15(8): p. 1766-77. 

147. Arnberg, N., Adenovirus receptors: implications for targeting of 
viral vectors. Trends Pharmacol Sci, 2012. 33(8): p. 442-8. 

148. Short, J.J., et al., Members of adenovirus species B utilize CD80 and 
CD86 as cellular attachment receptors. Virus Res, 2006. 122(1-2): 
p. 144-53. 

149. Marttila, M., et al., CD46 is a cellular receptor for all species B 
adenoviruses except types 3 and 7. J Virol, 2005. 79(22): p. 14429-
36. 

150. Tuve, S., et al., Role of cellular heparan sulfate proteoglycans in 
infection of human adenovirus serotype 3 and 35. PLoS Pathog, 
2008. 4(10): p. e1000189. 

151. Segerman, A., et al., Adenovirus type 11 uses CD46 as a cellular 
receptor. J Virol, 2003. 77(17): p. 9183-91. 



 

68 

152. Bergelson, J.M., et al., Isolation of a common receptor for Coxsackie 
B viruses and adenoviruses 2 and 5. Science, 1997. 275(5304): p. 
1320-3. 

153. Chu, Y., et al., Vascular cell adhesion molecule-1 augments 
adenovirus-mediated gene transfer. Arterioscler Thromb Vasc Biol, 
2001. 21(2): p. 238-42. 

154. Hong, S.S., et al., Adenovirus type 5 fiber knob binds to MHC class I 
alpha2 domain at the surface of human epithelial and B 
lymphoblastoid cells. EMBO J, 1997. 16(9): p. 2294-306. 

155. Haisma, H.J., et al., Scavenger receptor A: a new route for 
adenovirus 5. Mol Pharm, 2009. 6(2): p. 366-74. 

156. Arnberg, N., et al., Adenovirus type 37 uses sialic acid as a cellular 
receptor. J Virol, 2000. 74(1): p. 42-8. 

157. Nilsson, E.C., et al., The GD1a glycan is a cellular receptor for 
adenoviruses causing epidemic keratoconjunctivitis. Nat Med, 2011. 
17(1): p. 105-9. 

158. Wu, E., et al., Membrane cofactor protein is a receptor for 
adenoviruses associated with epidemic keratoconjunctivitis. J 
Virol, 2004. 78(8): p. 3897-905. 

159. Cohen, C.J., et al., The coxsackievirus and adenovirus receptor is a 
transmembrane component of the tight junction. Proc Natl Acad Sci 
U S A, 2001. 98(26): p. 15191-6. 

160. Chen, J.W., et al., Structure and chromosomal localization of the 
murine coxsackievirus and adenovirus receptor gene. DNA Cell 
Biol, 2003. 22(4): p. 253-9. 

161. Dorner, A., et al., Alternatively spliced soluble coxsackie-adenovirus 
receptors inhibit coxsackievirus infection. J Biol Chem, 2004. 
279(18): p. 18497-503. 

162. Coyne, C.B. and J.M. Bergelson, CAR: a virus receptor within the 
tight junction. Adv Drug Deliv Rev, 2005. 57(6): p. 869-82. 

163. Fanning, A.S., et al., The tight junction protein ZO-1 establishes a 
link between the transmembrane protein occludin and the actin 
cytoskeleton. J Biol Chem, 1998. 273(45): p. 29745-53. 



 

69 

164. Fanning, A.S., T.Y. Ma, and J.M. Anderson, Isolation and functional 
characterization of the actin binding region in the tight junction 
protein ZO-1. FASEB J, 2002. 16(13): p. 1835-7. 

165. Itoh, M., et al., Direct binding of three tight junction-associated 
MAGUKs, ZO-1, ZO-2, and ZO-3, with the COOH termini of 
claudins. J Cell Biol, 1999. 147(6): p. 1351-63. 

166. Coyne, C.B., et al., The coxsackievirus and adenovirus receptor 
interacts with the multi-PDZ domain protein-1 (MUPP-1) within the 
tight junction. J Biol Chem, 2004. 279(46): p. 48079-84. 

167. Excoffon, K.J., et al., A role for the PDZ-binding domain of the 
coxsackie B virus and adenovirus receptor (CAR) in cell adhesion 
and growth. J Cell Sci, 2004. 117(Pt 19): p. 4401-9. 

168. Raschperger, E., et al., The coxsackie- and adenovirus receptor 
(CAR) is an in vivo marker for epithelial tight junctions, with a 
potential role in regulating permeability and tissue homeostasis. 
Exp Cell Res, 2006. 312(9): p. 1566-80. 

169. Kirby, I., et al., Adenovirus type 9 fiber knob binds to the coxsackie 
B virus-adenovirus receptor (CAR) with lower affinity than fiber 
knobs of other CAR-binding adenovirus serotypes. J Virol, 2001. 
75(15): p. 7210-4. 

170. Excoffon, K.J., et al., Isoform-specific regulation and localization of 
the coxsackie and adenovirus receptor in human airway epithelia. 
PLoS One, 2010. 5(3): p. e9909. 

171. Walters, R.W., et al., Adenovirus fiber disrupts CAR-mediated 
intercellular adhesion allowing virus escape. Cell, 2002. 110(6): p. 
789-99. 

172. Salinas, S., et al., Disruption of the coxsackievirus and adenovirus 
receptor-homodimeric interaction triggers lipid microdomain- and 
dynamin-dependent endocytosis and lysosomal targeting. J Biol 
Chem, 2014. 289(2): p. 680-95. 

173. Verdino, P., et al., The molecular interaction of CAR and JAML 
recruits the central cell signal transducer PI3K. Science, 2010. 
329(5996): p. 1210-4. 

174. Tamanini, A., et al., Interaction of adenovirus type 5 fiber with the 
coxsackievirus and adenovirus receptor activates inflammatory 



 

70 

response in human respiratory cells. J Virol, 2006. 80(22): p. 
11241-54. 

175. Farmer, C., et al., Coxsackie adenovirus receptor (CAR) regulates 
integrin function through activation of p44/42 MAPK. Exp Cell 
Res, 2009. 315(15): p. 2637-47. 

176. Majhen, D., et al., Increased expression of the coxsackie and 
adenovirus receptor downregulates alphavbeta3 and alphavbeta5 
integrin expression and reduces cell adhesion and migration. Life 
Sci, 2011. 89(7-8): p. 241-9. 

177. Asher, D.R., et al., Coxsackievirus and adenovirus receptor is 
essential for cardiomyocyte development. Genesis, 2005. 42(2): p. 
77-85. 

178. Dorner, A.A., et al., Coxsackievirus-adenovirus receptor (CAR) is 
essential for early embryonic cardiac development. J Cell Sci, 2005. 
118(Pt 15): p. 3509-21. 

179. Liszewski, M.K., et al., Control of the complement system. Adv 
Immunol, 1996. 61: p. 201-83. 

180. Liszewski, M.K., T.W. Post, and J.P. Atkinson, Membrane cofactor 
protein (MCP or CD46): newest member of the regulators of 
complement activation gene cluster. Annu Rev Immunol, 1991. 9: p. 
431-55. 

181. Cardone, J., S. Al-Shouli, and C. Kemper, A novel role for CD46 in 
wound repair. Front Immunol, 2011. 2: p. 28. 

182. Kurita-Taniguchi, M., et al., Molecular assembly of CD46 with CD9, 
alpha3-beta1 integrin and protein tyrosine phosphatase SHP-1 in 
human macrophages through differentiation by GM-CSF. Mol 
Immunol, 2002. 38(9): p. 689-700. 

183. Lozahic, S., et al., CD46 (membrane cofactor protein) associates 
with multiple beta1 integrins and tetraspans. Eur J Immunol, 
2000. 30(3): p. 900-7. 

184. Ludford-Menting, M.J., et al., A functional interaction between 
CD46 and DLG4: a role for DLG4 in epithelial polarization. J Biol 
Chem, 2002. 277(6): p. 4477-84. 



 

71 

185. Nakajima, Y., et al., Epithelial junctions maintain tissue 
architecture by directing planar spindle orientation. Nature, 2013. 
500(7462): p. 359-62. 

186. Sinn, P.L., et al., Measles virus preferentially transduces the 
basolateral surface of well-differentiated human airway epithelia. 
J Virol, 2002. 76(5): p. 2403-9. 

187. Cupelli, K., et al., Structure of adenovirus type 21 knob in complex 
with CD46 reveals key differences in receptor contacts among 
species B adenoviruses. J Virol, 2010. 84(7): p. 3189-200. 

188. Pache, L., et al., Structural variations in species B adenovirus fibers 
impact CD46 association. J Virol, 2008. 82(16): p. 7923-31. 

189. Persson, B.D., et al., An arginine switch in the species B adenovirus 
knob determines high-affinity engagement of cellular receptor 
CD46. J Virol, 2009. 83(2): p. 673-86. 

190. Dorig, R.E., et al., The human CD46 molecule is a receptor for 
measles virus (Edmonston strain). Cell, 1993. 75(2): p. 295-305. 

191. Maurer, K., et al., CD46 is a cellular receptor for bovine viral 
diarrhea virus. J Virol, 2004. 78(4): p. 1792-9. 

192. Santoro, F., et al., CD46 is a cellular receptor for human 
herpesvirus 6. Cell, 1999. 99(7): p. 817-27. 

193. Okada, N., et al., Membrane cofactor protein (CD46) is a 
keratinocyte receptor for the M protein of the group A 
streptococcus. Proc Natl Acad Sci U S A, 1995. 92(7): p. 2489-93. 

194. Kallstrom, H., et al., Membrane cofactor protein (MCP or CD46) is 
a cellular pilus receptor for pathogenic Neisseria. Mol Microbiol, 
1997. 25(4): p. 639-47. 

195. Riley-Vargas, R.C., et al., CD46: expanding beyond complement 
regulation. Trends Immunol, 2004. 25(9): p. 496-503. 

196. Yin, T. and K.J. Green, Regulation of desmosome assembly and 
adhesion. Semin Cell Dev Biol, 2004. 15(6): p. 665-77. 

197. Green, K.J., R.D. Goldman, and R.L. Chisholm, Isolation of cDNAs 
encoding desmosomal plaque proteins: evidence that bovine 



 

72 

desmoplakins I and II are derived from two mRNAs and a single 
gene. Proc Natl Acad Sci U S A, 1988. 85(8): p. 2613-7. 

198. Cowin, P., et al., Plakoglobin: a protein common to different kinds 
of intercellular adhering junctions. Cell, 1986. 46(7): p. 1063-73. 

199. Schafer, S., P.J. Koch, and W.W. Franke, Identification of the 
ubiquitous human desmoglein, Dsg2, and the expression catalogue 
of the desmoglein subfamily of desmosomal cadherins. Exp Cell 
Res, 1994. 211(2): p. 391-9. 

200. Trinh, H.V., et al., Avidity binding of human adenovirus serotypes 3 
and 7 to the membrane cofactor CD46 triggers infection. J Virol, 
2012. 86(3): p. 1623-37. 

201. Wang, H., et al., Multimerization of adenovirus serotype 3 fiber 
knob domains is required for efficient binding of virus to 
desmoglein 2 and subsequent opening of epithelial junctions. J 
Virol, 2011. 85(13): p. 6390-402. 

202. Blix, F.G., A. Gottschalk, and E. Klenk, Proposed nomenclature in 
the field of neuraminic and sialic acids. Nature, 1957. 179(4569): p. 
1088. 

203. Angata, T. and A. Varki, Chemical diversity in the sialic acids and 
related alpha-keto acids: an evolutionary perspective. Chem Rev, 
2002. 102(2): p. 439-69. 

204. Varki, A., Diversity in the sialic acids. Glycobiology, 1992. 2(1): p. 
25-40. 

205. Varki A, S.R., Sialic acids, in essentials of Glycobiology, C.R. Varki, 
Esko JD, Freeze HH, Stanley P, Bertozzi CR, Hart GW, Etzler, 
Editor. 2009: New York: Cold Spring Harbor Laboratory. p. 199-217. 

206. Castillo, C., et al., Changes in sodium channel function during 
postnatal brain development reflect increases in the level of 
channel sialidation. Brain Res Dev Brain Res, 1997. 104(1-2): p. 
119-30. 

207. Ashwell, G. and A.G. Morell, The role of surface carbohydrates in 
the hepatic recognition and transport of circulating glycoproteins. 
Adv Enzymol Relat Areas Mol Biol, 1974. 41(0): p. 99-128. 



 

73 

208. Muller, E., et al., Binding and phagocytosis of sialidase-treated rat 
erythrocytes by a mechanism independent of opsonins. Hoppe 
Seylers Z Physiol Chem, 1983. 364(10): p. 1419-29. 

209. Varki, A., Sialic acids in human health and disease. Trends Mol 
Med, 2008. 14(8): p. 351-60. 

210. Schauer, R., Sialic acids: fascinating sugars in higher animals and 
man. Zoology (Jena), 2004. 107(1): p. 49-64. 

211. Arnberg, N., et al., Adenovirus type 37 binds to cell surface sialic 
acid through a charge-dependent interaction. Virology, 2002. 
302(1): p. 33-43. 

212. Rogers, G.N. and J.C. Paulson, Receptor determinants of human 
and animal influenza virus isolates: differences in receptor 
specificity of the H3 hemagglutinin based on species of origin. 
Virology, 1983. 127(2): p. 361-73. 

213. Ito, T., et al., Receptor specificity of influenza A viruses correlates 
with the agglutination of erythrocytes from different animal 
species. Virology, 1997. 227(2): p. 493-9. 

214. Liu, C.K., G. Wei, and W.J. Atwood, Infection of glial cells by the 
human polyomavirus JC is mediated by an N-linked glycoprotein 
containing terminal alpha(2-6)-linked sialic acids. J Virol, 1998. 
72(6): p. 4643-9. 

215. Dugan, A.S., S. Eash, and W.J. Atwood, An N-linked glycoprotein 
with alpha(2,3)-linked sialic acid is a receptor for BK virus. J Virol, 
2005. 79(22): p. 14442-5. 

216. St Geme, J.W., 3rd, The HMW1 adhesin of nontypeable 
Haemophilus influenzae recognizes sialylated glycoprotein 
receptors on cultured human epithelial cells. Infect Immun, 1994. 
62(9): p. 3881-9. 

217. Miller-Podraza, H., et al., Binding of Helicobacter pylori to sialic 
acid-containing glycolipids of various origins separated on thin-
layer chromatograms. Infect Immun, 1997. 65(6): p. 2480-2. 

218. Rosenthal, P.B., et al., Structure of the haemagglutinin-esterase-
fusion glycoprotein of influenza C virus. Nature, 1998. 396(6706): 
p. 92-6. 



 

74 

219. Zeng, Q., et al., Structure of coronavirus hemagglutinin-esterase 
offers insight into corona and influenza virus evolution. Proc Natl 
Acad Sci U S A, 2008. 105(26): p. 9065-9. 

220. Sarrazin, S., W.C. Lamanna, and J.D. Esko, Heparan sulfate 
proteoglycans. Cold Spring Harb Perspect Biol, 2011. 3(7). 

221. Bernfield, M., et al., Functions of cell surface heparan sulfate 
proteoglycans. Annu Rev Biochem, 1999. 68: p. 729-77. 

222. Esko JD, K.K., Lindahl U, Proteoglycans and Sulfated 
Glycosaminoglycans, in Essentials of Glycobiology, R.D.C. jit Varki, 
Jeffrey D Esko, Hudson H Freeze, Pamela Stanley, Carolyn R 
Bertozzi, Gerald W Hart, and Marilynn E Etzler., Editor. 2009: The 
Consortium of Glycobiology Editors, La Jolla, California. 

223. Morgan, M.R., M.J. Humphries, and M.D. Bass, Synergistic control 
of cell adhesion by integrins and syndecans. Nat Rev Mol Cell Biol, 
2007. 8(12): p. 957-69. 

224. Saoncella, S., et al., Syndecan-4 signals cooperatively with 
integrins in a Rho-dependent manner in the assembly of focal 
adhesions and actin stress fibers. Proc Natl Acad Sci U S A, 1999. 
96(6): p. 2805-10. 

225. Beauvais, D.M., B.J. Burbach, and A.C. Rapraeger, The syndecan-1 
ectodomain regulates alphavbeta3 integrin activity in human 
mammary carcinoma cells. J Cell Biol, 2004. 167(1): p. 171-81. 

226. Beauvais, D.M., et al., Syndecan-1 regulates alphavbeta3 and 
alphavbeta5 integrin activation during angiogenesis and is blocked 
by synstatin, a novel peptide inhibitor. J Exp Med, 2009. 206(3): p. 
691-705. 

227. McQuade, K.J., et al., Syndecan-1 regulates alphavbeta5 integrin 
activity in B82L fibroblasts. J Cell Sci, 2006. 119(Pt 12): p. 2445-56. 

228. Wang, L., et al., Endothelial heparan sulfate deficiency impairs L-
selectin- and chemokine-mediated neutrophil trafficking during 
inflammatory responses. Nat Immunol, 2005. 6(9): p. 902-10. 

229. Bourin, M.C. and U. Lindahl, Glycosaminoglycans and the 
regulation of blood coagulation. Biochem J, 1993. 289 ( Pt 2): p. 
313-30. 



 

75 

230. Ruoslahti, E. and Y. Yamaguchi, Proteoglycans as modulators of 
growth factor activities. Cell, 1991. 64(5): p. 867-9. 

231. Groffen, A.J., et al., Agrin is a major heparan sulfate proteoglycan 
in the human glomerular basement membrane. J Histochem 
Cytochem, 1998. 46(1): p. 19-27. 

232. Raats, C.J., J. Van Den Born, and J.H. Berden, Glomerular heparan 
sulfate alterations: mechanisms and relevance for proteinuria. 
Kidney Int, 2000. 57(2): p. 385-400. 

233. Mahley, R.W. and Z.S. Ji, Remnant lipoprotein metabolism: key 
pathways involving cell-surface heparan sulfate proteoglycans and 
apolipoprotein E. J Lipid Res, 1999. 40(1): p. 1-16. 

234. Bishop, J.R., M. Schuksz, and J.D. Esko, Heparan sulphate 
proteoglycans fine-tune mammalian physiology. Nature, 2007. 
446(7139): p. 1030-7. 

235. Vives, R.R., et al., Heparan sulfate proteoglycan mediates the 
selective attachment and internalization of serotype 3 human 
adenovirus dodecahedron. Virology, 2004. 321(2): p. 332-40. 

236. Fender, P., et al., Adenovirus dodecahedron cell attachment and 
entry are mediated by heparan sulfate and integrins and vary 
along the cell cycle. Virology, 2008. 371(1): p. 155-64. 

237. Lenaerts, L., et al., Interaction between mouse adenovirus type 1 
and cell surface heparan sulfate proteoglycans. PLoS One, 2012. 
7(2): p. e31454. 

238. Isaacs, R.D., Borrelia burgdorferi bind to epithelial cell 
proteoglycans. J Clin Invest, 1994. 93(2): p. 809-19. 

239. Chen, J.C., J.P. Zhang, and R.S. Stephens, Structural requirements 
of heparin binding to Chlamydia trachomatis. J Biol Chem, 1996. 
271(19): p. 11134-40. 

240. Compton, T., D.M. Nowlin, and N.R. Cooper, Initiation of human 
cytomegalovirus infection requires initial interaction with cell 
surface heparan sulfate. Virology, 1993. 193(2): p. 834-41. 

241. Chen, Y., et al., Dengue virus infectivity depends on envelope 
protein binding to target cell heparan sulfate. Nat Med, 1997. 3(8): 
p. 866-71. 



 

76 

242. Shieh, M.T., et al., Cell surface receptors for herpes simplex virus 
are heparan sulfate proteoglycans. J Cell Biol, 1992. 116(5): p. 
1273-81. 

243. Spear, P.G., et al., Heparan sulfate glycosaminoglycans as primary 
cell surface receptors for herpes simplex virus. Adv Exp Med Biol, 
1992. 313: p. 341-53. 

244. Sandgren, S., F. Cheng, and M. Belting, Nuclear targeting of 
macromolecular polyanions by an HIV-Tat derived peptide. Role 
for cell-surface proteoglycans. J Biol Chem, 2002. 277(41): p. 
38877-83. 

245. Frankel, A.D. and C.O. Pabo, Cellular uptake of the tat protein from 
human immunodeficiency virus. Cell, 1988. 55(6): p. 1189-93. 

246. Green, M. and P.M. Loewenstein, Autonomous functional domains 
of chemically synthesized human immunodeficiency virus tat trans-
activator protein. Cell, 1988. 55(6): p. 1179-88. 

247. Davie, E.W., K. Fujikawa, and W. Kisiel, The coagulation cascade: 
initiation, maintenance, and regulation. Biochemistry, 1991. 
30(43): p. 10363-70. 

248. Furie, B. and B.C. Furie, Molecular basis of vitamin K-dependent 
gamma-carboxylation. Blood, 1990. 75(9): p. 1753-62. 

249. Vermeer, C., Gamma-carboxyglutamate-containing proteins and 
the vitamin K-dependent carboxylase. Biochem J, 1990. 266(3): p. 
625-36. 

250. Vermeer, C. and M.A. De Boer-Van den Berg, Vitamin K-dependent 
carboxylase. Haematologia (Budap), 1985. 18(2): p. 71-97. 

251. Astermark, J., et al., Structural requirements for Ca2+ binding to 
the gamma-carboxyglutamic acid and epidermal growth factor-
like regions of factor IX. Studies using intact domains isolated from 
controlled proteolytic digests of bovine factor IX. J Biol Chem, 1991. 
266(4): p. 2430-7. 

252. Ohlin, A.K., I. Bjork, and J. Stenflo, Proteolytic formation and 
properties of a fragment of protein C containing the gamma-
carboxyglutamic acid rich domain and the EGF-like region. 
Biochemistry, 1990. 29(3): p. 644-51. 



 

77 

253. Persson, E., I. Bjork, and J. Stenflo, Protein structural requirements 
for Ca2+ binding to the light chain of factor X. Studies using 
isolated intact fragments containing the gamma-carboxyglutamic 
acid region and/or the epidermal growth factor-like domains. J 
Biol Chem, 1991. 266(4): p. 2444-52. 

254. Sabharwal, A.K., et al., Interaction of calcium with native and 
decarboxylated human factor X. Effect of proteolysis in the 
autolysis loop on catalytic efficiency and factor Va binding. J Biol 
Chem, 1997. 272(35): p. 22037-45. 

255. Huard, J., et al., The route of administration is a major 
determinant of the transduction efficiency of rat tissues by 
adenoviral recombinants. Gene Ther, 1995. 2(2): p. 107-15. 

256. Shayakhmetov, D.M., et al., Adenovirus binding to blood factors 
results in liver cell infection and hepatotoxicity. J Virol, 2005. 
79(12): p. 7478-91. 

257. Parker, A.L., et al., Multiple vitamin K-dependent coagulation 
zymogens promote adenovirus-mediated gene delivery to 
hepatocytes. Blood, 2006. 108(8): p. 2554-61. 

258. Waddington, S.N., et al., Adenovirus serotype 5 hexon mediates 
liver gene transfer. Cell, 2008. 132(3): p. 397-409. 

259. Alba, R., et al., Biodistribution and retargeting of FX-binding 
ablated adenovirus serotype 5 vectors. Blood, 2010. 116(15): p. 
2656-64. 

260. Doronin, K., et al., Coagulation factor X activates innate immunity 
to human species C adenovirus. Science, 2012. 338(6108): p. 795-8. 

261. Bradshaw, A.C., et al., Requirements for receptor engagement 
during infection by adenovirus complexed with blood coagulation 
factor X. PLoS Pathog, 2010. 6(10): p. e1001142. 

262. Alba, R., et al., Identification of coagulation factor (F)X binding 
sites on the adenovirus serotype 5 hexon: effect of mutagenesis on 
FX interactions and gene transfer. Blood, 2009. 114(5): p. 965-71. 

263. Xu, Z., et al., Coagulation factor X shields adenovirus type 5 from 
attack by natural antibodies and complement. Nat Med, 2013. 
19(4): p. 452-7. 



 

78 

264. Sutherland, M.R., W. Ruf, and E.L. Pryzdial, Tissue factor and 
glycoprotein C on herpes simplex virus type 1 are protease-
activated receptor 2 cofactors that enhance infection. Blood, 2012. 
119(15): p. 3638-45. 

265. Schuettrumpf, J., et al., The inhibitory effects of anticoagulation on 
in vivo gene transfer by adeno-associated viral or adenoviral 
vectors. Mol Ther, 2006. 13(1): p. 88-97. 

266. Dyrlund, T.F., et al., Human cornea proteome: identification and 
quantitation of the proteins of the three main layers including 
epithelium, stroma, and endothelium. J Proteome Res, 2012. 11(8): 
p. 4231-9. 

267. Oxvig, C. and T.A. Springer, Experimental support for a beta-
propeller domain in integrin alpha-subunits and a calcium binding 
site on its lower surface. Proc Natl Acad Sci U S A, 1998. 95(9): p. 
4870-5. 

268. Humphries, M.J., E.J. Symonds, and A.P. Mould, Mapping 
functional residues onto integrin crystal structures. Curr Opin 
Struct Biol, 2003. 13(2): p. 236-43. 

269. Larson, R.S., et al., Primary structure of the leukocyte function-
associated molecule-1 alpha subunit: an integrin with an embedded 
domain defining a protein superfamily. J Cell Biol, 1989. 108(2): p. 
703-12. 

270. Nishida, N., et al., Activation of leukocyte beta2 integrins by 
conversion from bent to extended conformations. Immunity, 2006. 
25(4): p. 583-94. 

271. Takagi, J., et al., Structure of integrin alpha5beta1 in complex with 
fibronectin. EMBO J, 2003. 22(18): p. 4607-15. 

272. Lee, J.O., et al., Two conformations of the integrin A-domain (I-
domain): a pathway for activation? Structure, 1995. 3(12): p. 1333-
40. 

273. Barczyk, M., S. Carracedo, and D. Gullberg, Integrins. Cell Tissue 
Res, 2010. 339(1): p. 269-80. 

274. Gilcrease, M.Z., Integrin signaling in epithelial cells. Cancer Lett, 
2007. 247(1): p. 1-25. 



 

79 

275. Gullberg, D., et al., Different beta 1-integrin collagen receptors on 
rat hepatocytes and cardiac fibroblasts. Exp Cell Res, 1990. 190(2): 
p. 254-64. 

276. Davis, G.E., Affinity of integrins for damaged extracellular matrix: 
alpha v beta 3 binds to denatured collagen type I through RGD 
sites. Biochem Biophys Res Commun, 1992. 182(3): p. 1025-31. 

277. Knight, C.G., et al., Identification in collagen type I of an integrin 
alpha2 beta1-binding site containing an essential GER sequence. J 
Biol Chem, 1998. 273(50): p. 33287-94. 

278. Komoriya, A., et al., The minimal essential sequence for a major cell 
type-specific adhesion site (CS1) within the alternatively spliced 
type III connecting segment domain of fibronectin is leucine-
aspartic acid-valine. J Biol Chem, 1991. 266(23): p. 15075-9. 

279. Clements, J.M., et al., Identification of a key integrin-binding 
sequence in VCAM-1 homologous to the LDV active site in 
fibronectin. J Cell Sci, 1994. 107 ( Pt 8): p. 2127-35. 

280. Humphries, J.D., A. Byron, and M.J. Humphries, Integrin ligands 
at a glance. J Cell Sci, 2006. 119(Pt 19): p. 3901-3. 

281. Wang, J. and T.A. Springer, Structural specializations of 
immunoglobulin superfamily members for adhesion to integrins 
and viruses. Immunol Rev, 1998. 163: p. 197-215. 

282. Emsley, J., et al., Structural basis of collagen recognition by 
integrin alpha2beta1. Cell, 2000. 101(1): p. 47-56. 

283. Calderwood, D.A., et al., Integrin beta cytoplasmic domain 
interactions with phosphotyrosine-binding domains: a structural 
prototype for diversity in integrin signaling. Proc Natl Acad Sci U S 
A, 2003. 100(5): p. 2272-7. 

284. Moser, M., et al., The tail of integrins, talin, and kindlins. Science, 
2009. 324(5929): p. 895-9. 

285. Moser, M., et al., Kindlin-3 is essential for integrin activation and 
platelet aggregation. Nat Med, 2008. 14(3): p. 325-30. 

286. Liu, S., D.A. Calderwood, and M.H. Ginsberg, Integrin cytoplasmic 
domain-binding proteins. J Cell Sci, 2000. 113 ( Pt 20): p. 3563-71. 



 

80 

287. Zaidel-Bar, R. and B. Geiger, The switchable integrin adhesome. J 
Cell Sci, 2010. 123(Pt 9): p. 1385-8. 

288. Tomar, A. and D.D. Schlaepfer, Focal adhesion kinase: switching 
between GAPs and GEFs in the regulation of cell motility. Curr 
Opin Cell Biol, 2009. 21(5): p. 676-83. 

289. Schaller, M.D., Cellular functions of FAK kinases: insight into 
molecular mechanisms and novel functions. J Cell Sci, 2010. 123(Pt 
7): p. 1007-13. 

290. Obergfell, A., et al., Coordinate interactions of Csk, Src, and Syk 
kinases with [alpha]IIb[beta]3 initiate integrin signaling to the 
cytoskeleton. J Cell Biol, 2002. 157(2): p. 265-75. 

291. Wickham, T.J., et al., Integrins alpha v beta 3 and alpha v beta 5 
promote adenovirus internalization but not virus attachment. Cell, 
1993. 73(2): p. 309-19. 

292. Li, E., et al., Integrin alpha(v)beta1 is an adenovirus coreceptor. J 
Virol, 2001. 75(11): p. 5405-9. 

293. Mathias, P., M. Galleno, and G.R. Nemerow, Interactions of soluble 
recombinant integrin alphav beta5 with human adenoviruses. J 
Virol, 1998. 72(11): p. 8669-75. 

294. Huang, S., et al., Adenovirus interaction with distinct integrins 
mediates separate events in cell entry and gene delivery to 
hematopoietic cells. J Virol, 1996. 70(7): p. 4502-8. 

295. Salone, B., et al., Integrin alpha3beta1 is an alternative cellular 
receptor for adenovirus serotype 5. J Virol, 2003. 77(24): p. 13448-
54. 

296. Wickham, T.J., et al., Integrin alpha v beta 5 selectively promotes 
adenovirus mediated cell membrane permeabilization. J Cell Biol, 
1994. 127(1): p. 257-64. 

297. Li, E., et al., Adenovirus endocytosis via alpha(v) integrins requires 
phosphoinositide-3-OH kinase. J Virol, 1998. 72(3): p. 2055-61. 

298. Tibbles, L.A., et al., Activation of p38 and ERK signaling during 
adenovirus vector cell entry lead to expression of the C-X-C 
chemokine IP-10. J Virol, 2002. 76(4): p. 1559-68. 



 

81 

299. Bhat, N.R. and F. Fan, Adenovirus infection induces microglial 
activation: involvement of mitogen-activated protein kinase 
pathways. Brain Res, 2002. 948(1-2): p. 93-101. 

300. Lindert, S., et al., Cryo-electron microscopy structure of an 
adenovirus-integrin complex indicates conformational changes in 
both penton base and integrin. J Virol, 2009. 83(22): p. 11491-501. 

301. Veesler, D., et al., Single-particle EM reveals plasticity of 
interactions between the adenovirus penton base and integrin 
alphaVbeta3. Proc Natl Acad Sci U S A, 2014. 111(24): p. 8815-9. 

302. Feire, A.L., H. Koss, and T. Compton, Cellular integrins function as 
entry receptors for human cytomegalovirus via a highly conserved 
disintegrin-like domain. Proc Natl Acad Sci U S A, 2004. 101(43): p. 
15470-5. 

303. Akula, S.M., et al., Integrin alpha3beta1 (CD 49c/29) is a cellular 
receptor for Kaposi's sarcoma-associated herpesvirus 
(KSHV/HHV-8) entry into the target cells. Cell, 2002. 108(3): p. 
407-19. 

304. Gavrilovskaya, I.N., et al., beta3 Integrins mediate the cellular entry 
of hantaviruses that cause respiratory failure. Proc Natl Acad Sci U 
S A, 1998. 95(12): p. 7074-9. 

305. Maginnis, M.S., et al., Beta1 integrin mediates internalization of 
mammalian reovirus. J Virol, 2006. 80(6): p. 2760-70. 

306. McDonald, D., et al., Coxsackie and adenovirus receptor (CAR)-
dependent and major histocompatibility complex (MHC) class I-
independent uptake of recombinant adenoviruses into human 
tumour cells. Gene Ther, 1999. 6(9): p. 1512-9. 

307. Davison, E., et al., The human HLA-A*0201 allele, expressed in 
hamster cells, is not a high-affinity receptor for adenovirus type 5 
fiber. J Virol, 1999. 73(5): p. 4513-7. 

308. Amstutz, B., et al., Subversion of CtBP1-controlled 
macropinocytosis by human adenovirus serotype 3. EMBO J, 2008. 
27(7): p. 956-69. 

309. Kalin, S., et al., Macropinocytotic uptake and infection of human 
epithelial cells with species B2 adenovirus type 35. J Virol, 2010. 
84(10): p. 5336-50. 



 

82 

310. Varga, M.J., C. Weibull, and E. Everitt, Infectious entry pathway of 
adenovirus type 2. J Virol, 1991. 65(11): p. 6061-70. 

311. Greber, U.F., et al., Stepwise dismantling of adenovirus 2 during 
entry into cells. Cell, 1993. 75(3): p. 477-86. 

312. Wang, K., et al., Adenovirus internalization and infection require 
dynamin. J Virol, 1998. 72(4): p. 3455-8. 

313. Meier, O., et al., Adenovirus triggers macropinocytosis and 
endosomal leakage together with its clathrin-mediated uptake. J 
Cell Biol, 2002. 158(6): p. 1119-31. 

314. Colin, M., et al., Efficient species C HAdV infectivity in plasmocytic 
cell lines using a clathrin-independent lipid raft/caveola endocytic 
route. Mol Ther, 2005. 11(2): p. 224-36. 

315. Yousuf, M.A., et al., Caveolin-1 associated adenovirus entry into 
human corneal cells. PLoS One, 2013. 8(10): p. e77462. 

316. Blumenthal, R., et al., pH-dependent lysis of liposomes by 
adenovirus. Biochemistry, 1986. 25(8): p. 2231-7. 

317. Prchla, E., et al., Virus-mediated release of endosomal content in 
vitro: different behavior of adenovirus and rhinovirus serotype 2. J 
Cell Biol, 1995. 131(1): p. 111-23. 

318. Miyazawa, N., et al., Fiber swap between adenovirus subgroups B 
and C alters intracellular trafficking of adenovirus gene transfer 
vectors. J Virol, 1999. 73(7): p. 6056-65. 

319. Li, E., et al., Adenovirus endocytosis requires actin cytoskeleton 
reorganization mediated by Rho family GTPases. J Virol, 1998. 
72(11): p. 8806-12. 

320. Wang, K., et al., Regulation of adenovirus membrane penetration 
by the cytoplasmic tail of integrin beta5. J Virol, 2000. 74(6): p. 
2731-9. 

321. Bailey, C.J., R.G. Crystal, and P.L. Leopold, Association of 
adenovirus with the microtubule organizing center. J Virol, 2003. 
77(24): p. 13275-87. 



 

83 

322. Kelkar, S., et al., A common mechanism for cytoplasmic dynein-
dependent microtubule binding shared among adeno-associated 
virus and adenovirus serotypes. J Virol, 2006. 80(15): p. 7781-5. 

323. Hindley, C.E., F.J. Lawrence, and D.A. Matthews, A role for 
transportin in the nuclear import of adenovirus core proteins and 
DNA. Traffic, 2007. 8(10): p. 1313-22. 

324. Saphire, A.C., et al., Nuclear import of adenovirus DNA in vitro 
involves the nuclear protein import pathway and hsc70. J Biol 
Chem, 2000. 275(6): p. 4298-304. 

325. Trotman, L.C., et al., Import of adenovirus DNA involves the 
nuclear pore complex receptor CAN/Nup214 and histone H1. Nat 
Cell Biol, 2001. 3(12): p. 1092-100. 

326. Meier, O. and U.F. Greber, Adenovirus endocytosis. J Gene Med, 
2004. 6 Suppl 1: p. S152-63. 

327. Berk, A.J., Adenoviridae: teh viruses and their replication in fields 
virology D.M.K.a.P.M. Howley, Editor. 2007: Philadelphia, USA. p. 
2355-2394. 

328. Young, C.S., The structure and function of the adenovirus major 
late promoter. Curr Top Microbiol Immunol, 2003. 272: p. 213-49. 

329. Kidd, A.H., D. Garwicz, and M. Oberg, Human and simian 
adenoviruses: phylogenetic inferences from analysis of VA RNA 
genes. Virology, 1995. 207(1): p. 32-45. 

330. Russell, W.C., Update on adenovirus and its vectors. J Gen Virol, 
2000. 81(Pt 11): p. 2573-604. 

331. Hiebert, S.W., et al., Role of E2F transcription factor in E1A-
mediated trans activation of cellular genes. J Virol, 1991. 65(7): p. 
3547-52. 

332. Sidle, A., et al., Activity of the retinoblastoma family proteins, pRB, 
p107, and p130, during cellular proliferation and differentiation. 
Crit Rev Biochem Mol Biol, 1996. 31(3): p. 237-71. 

333. Lin, J., et al., Several hydrophobic amino acids in the p53 amino-
terminal domain are required for transcriptional activation, 
binding to mdm-2 and the adenovirus 5 E1B 55-kD protein. Genes 
Dev, 1994. 8(10): p. 1235-46. 



 

84 

334. Marcellus, R.C., et al., Induction of p53-independent apoptosis by 
the adenovirus E4orf4 protein requires binding to the Balpha 
subunit of protein phosphatase 2A. J Virol, 2000. 74(17): p. 7869-
77. 

335. Windheim, M., et al., A unique secreted adenovirus E3 protein 
binds to the leukocyte common antigen CD45 and modulates 
leukocyte functions. Proc Natl Acad Sci U S A, 2013. 110(50): p. 
E4884-93. 

336. Lichy, J.H., et al., Separation of the adenovirus terminal protein 
precursor from its associated DNA polymerase: role of both 
proteins in the initiation of adenovirus DNA replication. Proc Natl 
Acad Sci U S A, 1982. 79(17): p. 5225-9. 

337. Stillman, B.W., F. Tamanoi, and M.B. Mathews, Purification of an 
adenovirus-coded DNA polymerase that is required for initiation of 
DNA replication. Cell, 1982. 31(3 Pt 2): p. 613-23. 

338. Temperley, S.M. and R.T. Hay, Recognition of the adenovirus type 2 
origin of DNA replication by the virally encoded DNA polymerase 
and preterminal proteins. EMBO J, 1992. 11(2): p. 761-8. 

339. Field, J., R.M. Gronostajski, and J. Hurwitz, Properties of the 
adenovirus DNA polymerase. J Biol Chem, 1984. 259(15): p. 9487-
95. 

340. King, A.J., et al., Processive proofreading by the adenovirus DNA 
polymerase. Association with the priming protein reduces 
exonucleolytic degradation. Nucleic Acids Res, 1997. 25(9): p. 1745-
52. 

341. Cleat, P.H. and R.T. Hay, Co-operative interactions between NFI 
and the adenovirus DNA binding protein at the adenovirus origin 
of replication. EMBO J, 1989. 8(6): p. 1841-8. 

342. Stuiver, M.H. and P.C. van der Vliet, Adenovirus DNA-binding 
protein forms a multimeric protein complex with double-stranded 
DNA and enhances binding of nuclear factor I. J Virol, 1990. 64(1): 
p. 379-86. 

343. King, A.J., W.R. Teertstra, and P.C. van der Vliet, Dissociation of the 
protein primer and DNA polymerase after initiation of adenovirus 
DNA replication. J Biol Chem, 1997. 272(39): p. 24617-23. 



 

85 

344. Nagata, K., R.A. Guggenheimer, and J. Hurwitz, Adenovirus DNA 
replication in vitro: synthesis of full-length DNA with purified 
proteins. Proc Natl Acad Sci U S A, 1983. 80(14): p. 4266-70. 

345. Cepko, C.L. and P.A. Sharp, Assembly of adenovirus major capsid 
protein is mediated by a nonvirion protein. Cell, 1982. 31(2 Pt 1): p. 
407-15. 

346. Hong, S.S., et al., The 100K-chaperone protein from adenovirus 
serotype 2 (Subgroup C) assists in trimerization and nuclear 
localization of hexons from subgroups C and B adenoviruses. J Mol 
Biol, 2005. 352(1): p. 125-38. 

347. Horwitz, M.S., M.D. Scharff, and J.V. Maizel, Jr., Synthesis and 
assembly of adenovirus 2. I. Polypeptide synthesis, assembly of 
capsomeres, and morphogenesis of the virion. Virology, 1969. 
39(4): p. 682-94. 

348. Velicer, L.F. and H.S. Ginsberg, Synthesis, transport, and 
morphogenesis of type adenovirus capsid proteins. J Virol, 1970. 
5(3): p. 338-52. 

349. Ostapchuk, P., et al., Functional interaction of the adenovirus IVa2 
protein with adenovirus type 5 packaging sequences. J Virol, 2005. 
79(5): p. 2831-8. 

350. Perez-Romero, P., et al., Analysis of the interaction of the 
adenovirus L1 52/55-kilodalton and IVa2 proteins with the 
packaging sequence in vivo and in vitro. J Virol, 2005. 79(4): p. 
2366-74. 

351. Perez-Berna, A.J., et al., Processing of the l1 52/55k protein by the 
adenovirus protease: a new substrate and new insights into virion 
maturation. J Virol, 2014. 88(3): p. 1513-24. 

352. Murali, V.K., et al., Adenovirus death protein (ADP) is required for 
lytic infection of human lymphocytes. J Virol, 2014. 88(2): p. 903-
12. 

353. Leen, A.M., et al., Adenoviral infections in hematopoietic stem cell 
transplantation. Biol Blood Marrow Transplant, 2006. 12(3): p. 
243-51. 



 

86 

354. Walls, T., A.G. Shankar, and D. Shingadia, Adenovirus: an 
increasingly important pathogen in paediatric bone marrow 
transplant patients. Lancet Infect Dis, 2003. 3(2): p. 79-86. 

355. De Clercq, E., Therapeutic potential of Cidofovir (HPMPC, Vistide) 
for the treatment of DNA virus (i.e. herpes-, papova-, pox- and 
adenovirus) infections. Verh K Acad Geneeskd Belg, 1996. 58(1): p. 
19-47; discussion 47-9. 

356. Kinchington, P.R., et al., Sequence changes in the human 
adenovirus type 5 DNA polymerase associated with resistance to 
the broad spectrum antiviral cidofovir. Antiviral Res, 2002. 56(1): 
p. 73-84. 

357. Safrin, S., J. Cherrington, and H.S. Jaffe, Clinical uses of cidofovir. 
Rev Med Virol, 1997. 7(3): p. 145-156. 

358. Romanowski, E.G. and Y.J. Gordon, Efficacy of topical cidofovir on 
multiple adenoviral serotypes in the New Zealand rabbit ocular 
model. Invest Ophthalmol Vis Sci, 2000. 41(2): p. 460-3. 

359. Bordigoni, P., et al., Treatment of adenovirus infections in patients 
undergoing allogeneic hematopoietic stem cell transplantation. 
Clin Infect Dis, 2001. 32(9): p. 1290-7. 

360. Carter, B.A., et al., Intravenous Cidofovir therapy for disseminated 
adenovirus in a pediatric liver transplant recipient. 
Transplantation, 2002. 74(7): p. 1050-2. 

361. Legrand, F., et al., Early diagnosis of adenovirus infection and 
treatment with cidofovir after bone marrow transplantation in 
children. Bone Marrow Transplant, 2001. 27(6): p. 621-6. 

362. Ljungman, P., et al., Cidofovir for adenovirus infections after 
allogeneic hematopoietic stem cell transplantation: a survey by the 
Infectious Diseases Working Party of the European Group for 
Blood and Marrow Transplantation. Bone Marrow Transplant, 
2003. 31(6): p. 481-6. 

363. Gavin, P.J. and B.Z. Katz, Intravenous ribavirin treatment for 
severe adenovirus disease in immunocompromised children. 
Pediatrics, 2002. 110(1 Pt 1): p. e9. 

364. Aebi, C., et al., Intravenous ribavirin therapy in a neonate with 
disseminated adenovirus infection undergoing extracorporeal 



 

87 

membrane oxygenation: pharmacokinetics and clearance by 
hemofiltration. J Pediatr, 1997. 130(4): p. 612-5. 

365. Miyamura, K., et al., Successful ribavirin therapy for severe 
adenovirus hemorrhagic cystitis after allogeneic marrow 
transplant from close HLA donors rather than distant donors. Bone 
Marrow Transplant, 2000. 25(5): p. 545-8. 

366. Shetty, A.K., et al., Intravenous ribavirin therapy for adenovirus 
pneumonia. Pediatr Pulmonol, 2000. 29(1): p. 69-73. 

367. La Rosa, A.M., et al., Adenovirus infections in adult recipients of 
blood and marrow transplants. Clin Infect Dis, 2001. 32(6): p. 871-
6. 

368. Bertrand, P., et al., Intravenous ribavirin and hyperammonemia in 
an immunocompromised patient infected with adenovirus. 
Pharmacotherapy, 2000. 20(10): p. 1216-20. 

369. Chakrabarti, S., et al., Fulminant adenovirus hepatitis following 
unrelated bone marrow transplantation: failure of intravenous 
ribavirin therapy. Bone Marrow Transplant, 1999. 23(11): p. 1209-
11. 

370. Mentel, R. and U. Wegner, Evaluation of the efficacy of 2',3'-
dideoxycytidine against adenovirus infection in a mouse 
pneumonia model. Antiviral Res, 2000. 47(2): p. 79-87. 

371. Kaneko, H., et al., Antiviral activity of NMSO3 against adenovirus 
in vitro. Antiviral Res, 2001. 52(3): p. 281-8. 

372. Gottardi, W. and M. Nagl, N-chlorotaurine, a natural antiseptic 
with outstanding tolerability. J Antimicrob Chemother, 2010. 
65(3): p. 399-409. 

373. Uchio, E., H. Inoue, and K. Kadonosono, Antiadenoviral effects of 
N-chlorotaurine in vitro confirmed by quantitative polymerase 
chain reaction methods. Clin Ophthalmol, 2010. 4: p. 1325-9. 

374. Nagl, M., et al., Tolerance of N-chlorotaurine, an endogenous 
antimicrobial agent, in the rabbit and human eye--a phase I 
clinical study. J Ocul Pharmacol Ther, 1998. 14(3): p. 283-90. 



 

88 

375. Neher, A., et al., Tolerability of N-chlorotaurine in the guinea pig 
middle ear: a pilot study using an improved application system. 
Ann Otol Rhinol Laryngol, 2004. 113(1): p. 76-81. 

376. Nagl, M., et al., Tolerance of N-chlorotaurine, a new antimicrobial 
agent, in infectious conjunctivitis - a phase II pilot study. 
Ophthalmologica, 2000. 214(2): p. 111-4. 

377. Asbell, P.A., et al., Efficacy of cobalt chelates in the rabbit eye model 
for epithelial herpetic keratitis. Cornea, 1998. 17(5): p. 550-7. 

378. Johansson, S., et al., Design, synthesis, and evaluation of N-acyl 
modified sialic acids as inhibitors of adenoviruses causing epidemic 
keratoconjunctivitis. J Med Chem, 2009. 52(12): p. 3666-78. 

379. Johansson, S.M., et al., Multivalent sialic acid conjugates inhibit 
adenovirus type 37 from binding to and infecting human corneal 
epithelial cells. Antiviral Res, 2007. 73(2): p. 92-100. 

380. Aplander, K., et al., Molecular wipes: application to epidemic 
keratoconjuctivitis. J Med Chem, 2011. 54(19): p. 6670-5. 

381. Andersson, E.K., et al., Small-molecule screening using a whole-cell 
viral replication reporter gene assay identifies 2-{[2-
(benzoylamino)benzoyl]amino}-benzoic acid as a novel 
antiadenoviral compound. Antimicrob Agents Chemother, 2010. 
54(9): p. 3871-7. 

382. Oberg, C.T., et al., Synthesis, biological evaluation, and structure-
activity relationships of 2-[2-(benzoylamino)benzoylamino]benzoic 
acid analogues as inhibitors of adenovirus replication. J Med 
Chem, 2012. 55(7): p. 3170-81. 

383. Strand, M., et al., 2-[4,5-Difluoro-2-(2-fluorobenzoylamino)-
benzoylamino]benzoic acid, an antiviral compound with activity 
against acyclovir-resistant isolates of herpes simplex virus types 1 
and 2. Antimicrob Agents Chemother, 2012. 56(11): p. 5735-43. 

384. Blixt, O., et al., Printed covalent glycan array for ligand profiling of 
diverse glycan binding proteins. Proc Natl Acad Sci U S A, 2004. 
101(49): p. 17033-8. 

385. Song, X., et al., A sialylated glycan microarray reveals novel 
interactions of modified sialic acids with proteins and viruses. J 
Biol Chem, 2011. 286(36): p. 31610-22. 



 

89 

386. Neu, U., et al., Structures of B-lymphotropic polyomavirus VP1 in 
complex with oligosaccharide ligands. PLoS Pathog, 2013. 9(10): p. 
e1003714. 

387. Reiss, K., et al., The GM2 glycan serves as a functional coreceptor 
for serotype 1 reovirus. PLoS Pathog, 2012. 8(12): p. e1003078. 

388. Schulz, B.L., et al., Identification of two highly sialylated human 
tear-fluid DMBT1 isoforms: the major high-molecular-mass 
glycoproteins in human tears. Biochem J, 2002. 366(Pt 2): p. 511-
20. 

389. Nilsson, J., et al., Enrichment of glycopeptides for glycan structure 
and attachment site identification. Nat Methods, 2009. 6(11): p. 
809-11. 

390. Smit, E.E., et al., Modulation of IL-8 and RANTES release in human 
conjunctival epithelial cells: primary cells and cell line compared 
and contrasted. Cornea, 2003. 22(4): p. 332-7. 

391. ward, S.L.K.F.e.a., Modeling the human conjunctiva in vitro. Int J 
Toxicol, 1999. 18(66). 

392. Wilson, I.A., J.J. Skehel, and D.C. Wiley, Structure of the 
haemagglutinin membrane glycoprotein of influenza virus at 3 A 
resolution. Nature, 1981. 289(5796): p. 366-73. 

393. Chintakuntlawar, A.V., R. Astley, and J. Chodosh, Adenovirus type 
37 keratitis in the C57BL/6J mouse. Invest Ophthalmol Vis Sci, 
2007. 48(2): p. 781-8. 

394. Mukherjee, S., et al., Ultrastructure of adenovirus keratitis. Invest 
Ophthalmol Vis Sci, 2015. 56(1): p. 472-7. 

395. Kruszewski, F.H., T.L. Walker, and L.C. DiPasquale, Evaluation of a 
human corneal epithelial cell line as an in vitro model for assessing 
ocular irritation. Fundam Appl Toxicol, 1997. 36(2): p. 130-40. 

396. Hornof, M., E. Toropainen, and A. Urtti, Cell culture models of the 
ocular barriers. Eur J Pharm Biopharm, 2005. 60(2): p. 207-25. 

397. Reichl, S., Cell culture models of the human cornea - a comparative 
evaluation of their usefulness to determine ocular drug absorption 
in-vitro. J Pharm Pharmacol, 2008. 60(3): p. 299-307. 



 

90 

398. Chow, S. and N. Di Girolamo, Vitronectin: a migration and wound 
healing factor for human corneal epithelial cells. Invest Ophthalmol 
Vis Sci, 2014. 55(10): p. 6590-600. 

 
 


