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Andes virus (ANDV) causes a fatal hantavirus pulmonary syndrome (HPS) in humans 

and Syrian hamsters. Human αvβ3 integrins are receptors for several pathogenic 

hantaviruses, and the function of αvβ3 integrins on endothelial cells suggests a role 

for αvβ3 in hantavirus directed vascular permeability. Here we determined that 

ANDV infection of human endothelial cells or Syrian hamster derived BHK-21 cells 

was selectively inhibited by vitronectin, a high affinity αvβ3 integrin ligand, and by 

antibodies to αvβ3 integrins. Further, antibodies to the β3 integrin PSI domain as well 
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as PSI domain polypeptides derived from human and Syrian hamster β3 subunits, but 

not murine or bovine β3, inhibited ANDV infection of both BHK-21 and human 

endothelial cells. These findings suggest that ANDV interacts with β3 subunits 

through PSI domain residues conserved in both Syrian hamster and human β3 

integrins. Sequencing the Syrian hamster β3 integrin PSI domain revealed 8 

differences between Syrian hamster and human β3 integrins. Analysis of residues 

within the PSI domains of human, Syrian hamster, murine and bovine β3 integrins 

identified unique proline substitutions at residues 32-33 of murine and bovine PSI 

domains that could determine ANDV recognition. Mutagenizing the human β3 PSI 

domain to contain the L33P substitution present in bovine β3 integrin abolished the 

ability of the PSI domain to inhibit ANDV infectivity. Conversely, mutagenizing 

either the bovine PSI domain, P33L, or the murine PSI domain, S32P, to the residue 

present human β3 permitted PSI mutants to inhibit ANDV infection. Similarly, CHO 

cells transfected with the full length bovine β3 integrin containing the P33L mutation, 

permitted infection by ANDV. These findings indicate that human and Syrian hamster 

αvβ3 integrins are key receptors for ANDV and that specific residues within the β3 

integrin PSI domain are required for ANDV infection. Since L33P is a naturally 

occuring human β3 polymorphism these findings further suggest the importance of 

specific β3 integrin residues in hantavirus infection. These findings also rationalize 

determining the role of β3 integrins in hantavirus pathogenesis in the Syrian hamster 

model. 
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Section I: Hantaviruses 

 

Historical Perspective 

 During the Korean war, over 3,000 UN soldiers suffered from a previously 

unknown disease. Soldiers presented an acute febrile disease with hemorrhagic 

symptoms and renal complications and the mortality rate was 5-10% (15, 60). It was 

not until 1973 that the causative agent for this Korean Hemorrhagic Fever (KHF) was 

identified (60). Scientists isolated the virus from its natural host, Apodemus agragius 

or the striped field mouse, and named it Hantaan virus after the Hantaan river in 

Korea (60, 95). It became clear that Hantaan virus was responsible for outbreaks of so 

called “trench” nephritis amongst Japanese troops in 1913 and a similar disease had 

also plagued German and Allied troops during World War I (60, 61).  

After isolation of Hantaan virus, other forms of the virus were discovered 

throughout Asia (Seoul), Eastern Europe (Dobrava, Puumala), and Scandinavia 

(Puumala) (15, 61, 66, 95), and these viruses were classified as Hantaviruses. 

Hantaviruses in Asia and Europe cause what is now called Hemorrhagic Fever with 

Renal Syndrome (HFRS), with Hantaan and Dobrava virus resulting in severe HFRS 

and the Puumala virus leading to a disease with less mortality (15, 47) (Table 1). 

 In 1993, over one hundred people from the four corners region in the 

Southwestern United States suffered from an unexplained pulmonary illness and 

about 50% of the cases resulted in death (47, 76, 80, 131). Patients suffered flu-like 

symptoms for a few days followed by acute pulmonary edema and severe 
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thrombocytopenia (76, 80). Their condition deteriorated rapidly and patients died 

within a few hours of respiratory distress onset.  

Serum taken from patients showed an antibody response against the hantavirus 

antigen and the agent was identified as a previously unknown hantavirus (76, 80, 95, 

131). The hantavirus isolated was later named Sin Nombre virus (SNV) (80, 95), and 

caused a clinically distinct disease in comparison to those infected with Eurasian 

hantaviruses. SNV infected patients developed an acute pulmonary component and 

the disease was termed Hantavirus Pulmonary Syndrome (HPS). After the discovery 

of SNV, ~25 other hantaviruses causing HPS were identified in North America (47, 

74, 76, 94, 95). Another 15 HPS causing hantaviruses have also been identified in 

Southern and Central America (47, 80, 131) (Table 1). The incidence of HPS is much 

lower than that of HFRS in Asia and Europe, as only about 1000 HPS cases in the US 

have been documented since 1993. However, even with treatment, the mortality rate 

of HPS remains high, 35-40% (76, 80).  

Although hantaviruses are predominantly pathogenic, two notable non-

pathogenic hantaviruses, Prospect Hill virus (PHV) in America carried by meadow 

voles (Microtus pennsylvanicus) and TULA virus (TULA) carried by the common 

vole (Microtus arvalis), are not associated with any human disease (94, 95) (Table 1). 

 

Hantavirus hosts and transmission 

 Hantaviruses form a unique genus within the Bunyviridae family, along with 

Orthobunyavirues, Nairoviruses, Phleboviruses and Tospoviruses (95). Hantaviruses 
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are the only members of the Bunyaviridae, which are not arthropod borne (84, 94).  

Hantaviruses in Europe and Asia (Old World hantaviruses) are carried by Murinae 

rodents (Old World Rats and Mice) and Arvicolinae (voles, lemmings and muskrats 

(95), while hantavirus in the Americas (New World hantaviruses) are carried by 

Sigmodontinae  (New World Rats and Mice) (40, 84, 95).  

Hantaviruses persistently infect their natural hosts and each hantavirus has co-

evolved with a primary host (84). Therefore, the relationship between hantaviruses 

and their hosts coincides with their genetic evolution and defines the geographic 

prevalence of hantaviruses and hantavirus disease (84, 95).  

The hosts are persistently infected with hantaviruses but are asymptomatic (84, 

95). It is not known how hantaviruses evade host immune responses or why the virus 

is nonpathogenic in its animal hosts. Hosts secrete virus for prolonged periods of time 

and host to host transmission occurs through excreted virus as well as biting, 

indicating that hantavirus can be spread through saliva (47, 84, 94).  Hantavirus 

transmission to humans occurs through the inhalation of aerosolized viral particles 

excreted by rodents in their urine and feces (47, 84). In general, hantavirus 

transmission between humans does not occur, although there are several reported 

cases in which the South-America Andes hantavirus (ANDV) was spread person to 

person between members of the same household and physicians (21, 79, 113, 126) .  
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Hantavirus Disease   

Pulmonary endothelial cells are primary sites of infection in both HFRS and 

HPS patients (15, 94, 131). However, the endothelium of all organs, including the 

heart, kidney, liver, and spleen is also infected. Hantavirus disease is characterized by 

increased vascular permeability, acute thrombocytopenia, hemorrhage, and 

pulmonary edema without endothelial lysis. In HFRS, the most damage is seen in the 

kidneys, whereas in HPS, the lungs and the spleen are mostly affected (94, 95). 

Clinical features of HFRS 

The incubation time is generally 1-2 weeks post exposure and the initial 

symptoms of HFRS are non-descript and include high fever, myalgia, chills, 

headache, and abdominal and back pain (15, 81, 94, 95). Patients may also present 

with proteinuria, an indication of renal failure. After 4-6 days, the disease progresses 

to a hypotensive stage, where patients suffer from tachycardia and thrombocytopenia 

(17, 81) which lasts from hours to days. The main characteristics of the subsequent 

oliguric stage are oliguria, bleeding tendency, and edema (17, 81, 95). A diuretic 

stage follows in which patients suffer from rapid dehydration, which leads to severe 

shock if fluid intake is inadequate. This stage can last two to three weeks, after which 

patients enter the convalescent stage, which may last up to one year (81, 95). Not 

every patient will present all of these stages and this can make the diagnosis of HFRS 

difficult. The severity of disease is determined by the infecting hantavirus and 

therefore the geographical distribution of the virus and its host (84). The most severe 

types of HFRS are Korean Hemorrhagic Fever caused by Hantaan virus transmitted 
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by the striped field mouse (A. agrarius), and Balkan Hemorrhagic fever caused by 

Dobrava virus and transmitted by the yellow-necked field mouse (A. flavicollis)  (84, 

95). Puumala virus is transmitted by the European bank vole (Clethrionomys 

glariolus) and leads to a mild form of HFRS (also called nephropathia endemica) (84, 

95).  HFRS has a mortality rate ranging from 0.1-5%, with causes of death including 

shock (75%), uremia (50%), pulmonary edema (15%), and central nervous system 

hemorrhage or encephalopathy (5%). Full recovery from HFRS often takes from 6 

months to a year (17, 95). 

Clinical features of HPS 

Similar to HFRS, symptoms of HPS begin 2-3 weeks post hantavirus 

infection. Patients initially suffer from flu-like symptoms and after 4-10 days develop 

pulmonary edema and acute thrombocytopenia (76, 80, 81, 94, 95, 131). 

Subsequently the patient’s condition rapidly deteriorates and hospitalization is 

needed. HPS is characterized in four stages (febrile, cardiopulmonary, diuretic, and 

convalescent) and has a mortality rate of approximately 40%, with pulmonary edema 

and cardiovascular shock being the main causes of death (76, 80, 81, 94, 95, 131). 

Similarities and differences between HFRS and HPS 

 HFRS and HPS causing hantaviruses infect the pulmonary endothelial cells of 

hosts and humans. Both diseases feature initial flu-like symptoms and either disease 

can manifest renal and pulmonary components (76, 81). Common characteristics of 

HFRS and HPS include vascular permeability, hemorrhage or edema and 

thrombocytopenia (17, 76, 81, 131).  However, it is unclear what triggers vascular 
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permeability in hantavirus disease or why Eurasian hantaviruses cause hemorrhagic 

disease while American hantaviruses cause edema with little or no hemorrhage 

sequalae (17, 76, 131). These observations suggest that there are common elements to 

hantavirus disease that affect vascular permeability but also indicate a fundamental 

difference in the mechanism of HFRS and HPS diseases (81, 95). 

Treatment 

 For both HFRS and HPS, treatment consists largely of supportive care 

including fluid management, controlled electrolyte balance, and ventilation support 

(69). In some HFRS cases, the anti-viral drug Ribavirin has been shown to be an 

effective form of treatment, but only when administered early after infection.  

Ribavirin does not seem to be effective for treatment of HPS (69). Interferon can be 

an effective treatment for HFRS and HPS but only when administered far before the 

onset of symptoms, which means that few patients benefit from it as a therapeutic 

agent (47, 69).   

 

Hantavirus structure  
 

Like other Bunyaviruses, hantaviruses are enveloped negative-stranded RNA 

viruses (85, 95) (Figure 1). Hantavirus particles average 100 nm in diameter with a 

spherical shape and a highly structured, grid-like pattern on their surface formed by 

the viral surface glycoproteins (85, 94, 95). The hantavirus genome consist of three 

segments: Small (S) segment, the Medium (M) segment and Large (L) segment (94, 

95).  Each segment has conserved and complementary nucleotides on their 5’ and 3’ 
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ends that are capable of forming panhandle structures (85, 100). The high degree 

conservancy between these untranslated regions (UTRs) in hantaviruses and 

Bunyaviruses are believed to play an important role in viral replication and 

transcription (48, 100). Nucleotide sequence comparison among discrete hantavirus 

serotypes shows a 60-70% identity among all three RNA segments (85, 94).  

The S segment encodes the nucleocapsid protein or N protein. The N protein is 

the most abundantly expressed hantavirus protein and is also the major antigenic 

determinant of the virus. The N protein is expressed at high levels in infected cells 

and is detectable 6 hours after infection (85). The nucleocapsid protein can form 

dimers and trimers and encapsidates the viral genomic RNA and cRNA. It is likely 

that the N protein participates in viral replication, protects viral RNA from cellular 

degradation and plays a role in virion assembly (47, 85). 

The M segment encodes a glycoprotein precursor.  The glycoprotein precursor 

is co-translationally cleaved into two glycoproteins, Gn (N-terminal glycoprotein) and 

Gc (C-terminal) glycoprotein, presumably by cellular signal peptidases present in the 

ER (47, 85, 98). For all hantaviruses, cleavage occurs after the conserved WAASA 

amino acid motif (64, 85). Gn and Gc glycoproteins are type I integral transmembrane 

proteins with the N-terminus located in the lumen of the ER and the C-terminus in the 

cytoplasm (47, 98). Gn contains a predicted signal sequence, several transmembrane 

domains, a double hydrophobic anchor sequence, predicted RING and zinc-finger 

domains, and a 142 amino acid long cytoplasmic tail that contains an ITAM motif 
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(30, 31). The cytoplasmic tail of Gc is very short, only 9 amino acids long, and 

contains a putative ER retention signal (85). 

Co-expression of hantavirus glycoproteins results in trafficking both 

glycoproteins to the ER and cis Golgi, where glycosylation is completed (48, 64, 95, 

98). Expression of either glycoprotein individually results in Gn appearing to localize 

to the cis-Golgi while Gc is retained in the ER (64, 94, 98). The domains responsible 

for retention in the ER and trafficking to the Golgi were identified in the cytoplasmic 

domains and transmembrane domains of both glycoproteins (48, 64, 98). The 

trafficking and retention within the cis-Golgi is required for the maturation of virions 

and is a hallmark for all members of the Bunyaviridae (48, 78, 94, 98, 100). Mature 

virions bud into the lumen of the Golgi and apparently exit the cell through secretory 

vesicles (100).  

The L segment encodes the 220 kDa RNA dependent RNA polymerase 

(RdRp) and is highly conserved among hantaviruses (47). After viral entry, there is a 

short primary transcription by the RdRp. This primary transcription produces more 

templates for mRNA and genomes for viral progeny (47, 100). An unknown signal 

then initiates viral replication which requires primers derived from host mRNAs 

(100).  The viral polymerase is involved in a process called cap snatching although it 

is unclear where this process occurs and recent studies indicate that this could occur 

within cytoplasmic P-bodies (71).  The RdRp presumably acts as an endonuclease to 

cleave the 5’ cap of host mRNAs and generate primers necessary for viral mRNA 

transcription (47, 100). 
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Hantavirus regulation of Interferon Responses 

           Non-pathogenic PHV elicits early interferon (INF) responses in humans, 

suggesting that hantavirus pathogenesis may in part be determined by viral regulation 

of cellular interferon responses. In contrast to pathogenic NY-1V and HTNV, PHV 

replication is blocked in IFN competent human endothelial cells, further suggesting 

NY-1V and HTNV might regulate early IFN responses (2, 32). Further findings have 

shown that the NY-1V Gn cytoplasmic tail inhibits RIG-I and TBK1 directed 

transcription from interferon stimulated response elements (ISRE) or β-interferon 

promoters (2). In contrast, expression of the NY-1V nucleocapsid protein or PHV Gn-

tail had no effect on RIG-I or TBK1 directed transcription (2). Further, neither the 

NY-1V nor PHV Gn-tails inhibited transcriptional responses directed by a 

constitutively active IRF-3 protein. These findings indicate that the pathogenic NY-

1V Gn protein regulates cellular IFN responses upstream of IRF-3 phosphorylation at 

the level of TBK1 signaling complexes (2).  

          TBK1 phosphorylates IRF-3, and forms a signaling complex with TRAF3, 

which is required for IFN transcription directed by a variety of upstream stimuli. 

Studies have shown that the NY-1V Gn-tail co-immunoprecipitates TRAF3, but not 

TBK1, from cellular lysates (2, 3). Analysis of TRAF3 deletion mutants demonstrated 

that the Gn-tail bound the N-terminus of TRAF3.   In contrast, the Gn-tail of the non-

pathogenic hantavirus PHV failed to bind TRAF3 proteins or inhibit IFN-β 

transcriptional responses. Expression of NY-1V blocked TBK1 co-precipitation of 

TRAF3 and, similarly, infection by NY-1V, but not PHV, blocked the formation of 
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TBK1-TRAF3 complexes (2, 3). These findings suggest that both the NY-1V Gn-tail 

and infection by NY-1V virus disrupt the formation of TBK1-TRAF3 signaling 

complexes required for IFN-β induction (2, 3).  

 These findings indicate that the ability to inhibit interferon-β induction at early 

times post-infection is critical for hantavirus infection of human endothelial cells and 

suggest that the pathogenic hantavirus Gn cytoplasmic tail is the primary determinant 

of hantavirus pathogenic potential in humans (2, 3, 32). 

 

The Hantavirus Gn Cytoplasmic Tail is Degraded by the Proteosome 

The Gn cytoplasmic tail of pathogenic hantaviruses contains a degradation 

motif or degron at its C-terminus (30, 96). In contrast, the Gn cytoplasmic tail of the 

non-pathogenic hantavirus PHV is stable and reciprocal changes between NY-1V and 

PHV identified 4 residues in NY-1V that determine stability (96). Analysis of the 

differences between PHV and NY-1V domains identified a hydrophilic moment 

within a largely hydrophobic domain that was required for proteosomal degradation 

(96). This also suggests that stability differences between the Gn tails of pathogenic 

and non-pathogneic hantaviruses may differentially regulate cell signaling responses 

that contribute to viral pathogenesis (96).  

 

Syrian Hamster Model for Hantavirus Disease 
 

The absence of an animal model of HPS and HFRS has made studying 

hantavirus pathogenesis difficult. Although hantavirus hosts are referred to as “mice”, 
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these small mammals are discrete species that are more similar to voles and hamsters 

(8, 85) and in fact, Mus musculus is not a hantavirus host. Rattus rattus and Rattus 

norvegicus are hosts for Seoul virus but since they do not develop disease, they are 

also unsuitable as animal models (85). In 2001, reports showed that Syrian hamsters 

infected with Andes virus (ANDV) develop a disease that is similar to human HPS 

(43, 44). The onset of ANDV disease in Syrian hamsters is 10-14 days and occurs 

rapidly with ANDV replication primarily in endothelial cells of pulmonary capillary 

beds (44, 121). Six days post-infection ANDV is present in the blood (viremia) and 

focal pulmonary edema can already be detected. Endothelial cell inclusions become 

visible and Syrian hamsters show increased white blood cell counts and lymphopenia. 

Twelve to 14 days post-infection, Syrian hamsters develop severe pulmonary edema 

with a 90% mortality rate (44, 121).  

Interestingly, within two days post-infection ANDV viremia reached 107 

PFU/ml while Syrian hamsters infected with the prototypic HPS causing Sin Nombre 

virus (SNV) never developed viremia (121). Even 12 days after infection little SNV 

antigen was detected in Syrian hamster endothelial cells (121).  ANDV and SNV are 

closely related serotypes but it is unknown why ANDV is lethal in Syrian hamsters 

while SNV fails to replicate (43, 121).  Syrian hamsters are currently the only animal 

model of hantavirus pathogenesis and serve as an important tool for studying 

hantavirus pathogenesis and for development of antiviral drugs for hantavirus disease 

(43) . 
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Hantavirus Receptors 
 

Both pathogenic and non-pathogenic hantaviruses predominantly replicate in 

endothelial cells but cause little or no damage to the endothelium and virus can be 

passaged with infected endothelial cells (69, 81).  Only pathogenic hantaviruses cause 

vascular permeability,  however; nonpathogenic hantaviruses enter human endothelial 

cells demonstrating that viral entry alone is not the only determinant of hantavirus 

disease (68, 81, 94). However, the means by which pathogenic hantaviruses cause 

pulmonary edema and hemorrhage has yet to be defined. Pathogenic hantaviruses 

bind human β3 integrin subunits present within αvβ3 and αIIbβ3 integrins. These 

heterodimeric receptors are abundantly expressed on the cell surface of endothelial 

cells and platelets (26, 29, 68). αvβ3 integrins on endothelial cells are regulators of 

vascular barrier function, maintain capillary integrity, play a role in immune cell 

recruitment and direct cell migration and angiogenesis (12). Initial experiments 

showed that pathogenic hantavirus infection is inhibited by vitronectin, a high affinity 

ligand for αvβ3 integrin and by antibodies against αvβ3 integrins (26, 29, 68). 

Antibodies to the β3 integrin subunit selectively inhibited infection by pathogenic 

hantaviruses demonstrating that only pathogenic hantaviruses recognize β3 integrins 

(26, 29, 68). Expression of αvβ3  integrin on the surface of non-susceptible cells such 

as CHO cells confer infection to pathogenic hantavirus and this infection is inhibited 

by antibodies to αvβ3 or the β3 integrin subunit (26, 68). In contrast, the non-

pathogenic hantavirus PHV is inhibited by fibronectin, a high affinity ligand for α5β1 

integrin and by antibodies against α5β1 integrin (26, 29, 68). These experiments 
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indicate that αvβ3 integrins not only determine pathogenic hantavirus entry but may 

also play a key role in hantavirus pathogenesis.  

Integrin ligands like vitronectin, contain an arginine-glycine-aspartic acid 

(RGD) recognition sequence which partially mediates ligand binding to αvβ3 integrins 

(33). Hantavirus surface glycoproteins Gn and Gc do not contain RGD motifs 

suggesting that hantavirus binding to αvβ3 integrins is not directed by RGD 

recognition sequences.  This was demonstrated through experiments showing that 

hantavirus infection is not inhibited by RGD peptides and that hantaviruses could 

enter CHO cells expressing mutant αIIbβ3 integrins incapable of binding the RGD 

recognition sequence (26, 68). These results suggested that hantavirus binding to β3 

integrins occurs through unique interactions.  

Even though αvβ3 integrins are highly conserved among different species, the 

human β3 subunit serves as a receptor for pathogenic hantaviruses while murine and 

bovine β3 integrin subunits were not recognized by hantaviruses (86). This permitted 

the use of domain swaps for the identification of β3 integrin domains required for 

hantavirus recognition (86). A recombinant murine β3 integrin containing the N-

terminal 43 amino acids of human β3 was found to confer hantavirus infectivity when 

expressed on the surface of CHO cells (86).  

The N-terminal domain of β3 integrin is also called the Plexin-Semaphorin-

Integrin (PSI) domain and polypeptides expressing the human β3 integrin PSI domain 

were also found to inhibit pathogenic hantavirus infection (86). In contrast, the 

murine β3 integrin PSI domain was incapable of inhibiting hantavirus infection. These 
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findings demonstrated that specific β3 integrin residues, which differ between human 

and murine PSI domains, determine hantavirus recognition (86).  Raymond et al. (86) 

reported that the aspartic acid residue at position 39 (D39) in human β3 integrin was 

required for β3 integrin recognition by pathogenic hantaviruses NY-1V and HTNV. 

When D39 in the full length human β3 integrin was changed into its murine 

homologue, aparagine (N39), the mutant integrin failed to confer cell susceptibility to 

NY-1 and HTNV. Similarly, polypeptides expressing the human PSI domain with a 

D39N change, failed to inhibit NY-1V and HTNV infectivity (86).  

Integrins exist in two conformations, an active extended conformation and a 

bent, inactive conformation (Figure 2). In the active conformation, the RGD ligand 

binding domain of the αvβ3 integrin is located at the apex of the extended integrin 

while in the inactive integrin conformation, the ligand binding domain is folded 

towards the cell membrane rendering it inaccessible for ligand binding (105, 130). 

Interestingly, the bent αvβ3 integrin conformation places the PSI domain at the apex of 

the inactive integrin (130). This suggested that the PSI domain, hidden in the active 

integrin conformation, is accessible for hantaviruses when the integrin is in the 

inactive conformation.  

The αvβ3 integrin conformation is influenced by selected divalent cations. 

Studies have shown that ligand binding to the αvβ3 integrin is enhanced in the 

presence of magnesium and manganese which puts the αvβ3 integrin in an active state. 

However, RGD ligand binding is reduced in the presence of calcium, which puts αvβ3 

integrin into its bent conformation (105, 130). This understanding explains results 
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demonstrating that hantavirus infection is inhibited by manganese pretreatment and 

enhanced by calcium (86). These findings are also consistent with structural changes 

within the αvβ3 integrin that determine hantavirus interactions with β3 integrins. These 

results were confirmed by experiments using locked bent αvβ3 integrin conformer, 

which enhanced hantavirus infectivity compared to cells expressing a locked extended 

αvβ3 conformer (86). Thus, locking αvβ3 in its bent conformation confers hantavirus 

infectivity and rationalizes hantavirus binding to the β3 PSI domain (86). This data 

also indicates that pathogenic hantavirus interactions with bent αvβ3 integrins may 

block αvβ3 integrin functions by keeping the integrin in an inactive bent state.   

 

Pathogenic Hantaviruses Enhance Endothelial Cell Permeability in Response to 

VEGF 

αvβ3 integrins direct endothelial cell migration necessary for angiogenesis, 

wound repair and vascular permeability through interaction with the vascular 

endothelial growth factor receptor 2 (VEGFR2) (11, 42, 87, 89). VEGF, the ligand for 

VEGFR2, directs migration on vitronectin and VEGF was originally named vascular 

permeability factor (VPF) for its ability to enhance permeability and cause edema (11, 

89). Because pathogenic hantaviruses bind inactive αvβ3 conformers, the effect of 

hantavirus infection on endothelial cell migration as well as the permeability of 

infected endothelial cells was evaluated (27, 28, 86). Gavrilovskaya et al. (28) showed 

that endothelial cell migration on the high affinity β3 integrin ligand, vitronectin, was 

blocked by pathogenic hantaviruses and this effect was similar to migration blocked 
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by antibodies directed against β3 integrins.  Endothelial cell migration was inhibited 

as early as 24 – 48 hours post infection. In contrast, non-pathogenic hantaviruses did 

not block endothelial cell migration on either β3 or β1 integrins (28).  

A recent report has also shown that pathogenic NY-1V, ANDV and HTNV 

hantaviruses enhance the permeabilizing responses of endothelial cells in response to 

VEGF with the most dramatic effect observed at late times post infection (3 days) 

(27). Pathogenic hantaviruses alone are not able to permeabilize endothelial cells and 

non-pathogenic hantaviruses PHV and TULA failed to alter the permeability of 

infected endothelial cells in the presence or absence of VEGF (27).  Pretreatment of 

endothelial cells with an antibody against VEGFR2 reduced the permeabilizing 

effects of pathogenic hantaviruses in presence of VEGF by 50 – 75% demonstrating 

that hantavirus-directed endothelial cell permeability is dependent on the function of 

VEGFR2 (27). These findings show that pathogenic hantaviruses interact with αvβ3 

integrins which normally regulate endothelial cell responses to VEGF.  

VEGF directed permeability is further impacted by endogenous and 

exogenous cellular factors including angiopoietin 1 and sphingosine-1-phosphate 

(S1P), which regulate endothelial cell permeability through effects on cellular VEGF 

responses (9, 27). Angiopoietin1 (Ang1) is another endothelial cell specific growth 

factor, however Ang-1 counters the permeabilizing effects of VEGF and stabilizes the 

vasculature (111, 112). Ang1 binds to Tie-2 receptors and has a dominant effect over 

the permeabilizing responses of co-administered VEGF in vitro and in vivo (111, 

112). Ang-1 stabilizes capillaries, directs the assembly of adherens junctions and 
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promotes vascular barrier functions (111, 112). Aside from the role of platelets in 

clotting cascades, platelets also contribute to endothelial cell barrier function by 

releasing the lipid mediator S1P, which regulates endothelial cell permeability (93, 

107). Activated platelets release S1P which binds to G-protein coupled Edg-1 

receptors on endothelial cells. S1P enhances the accumulation of vascular-endothelial 

cadherin (VE-cadherin), present in endothelial cell adherens junctions (93, 107). 

Interestingly, addition of both Ang1 and S1P addition to hantavirus infected cells 

blocked the heightened permeability of endothelial cell monolayers in response to 

VEGF suggesting that they are of potential therapeutic importance for hantavirus 

disease (9, 27). 

 

The Role of the Endothelium in Viral Hemorrhagic Fevers 

Hantaviruses mainly replicate within endothelial cells. The endothelium forms 

a multifunctional barrier that lines every blood vessel and comes in contact with many 

pathogens. The endothelium plays a role in the disease process either by functioning 

as a direct target of the pathogen or through its involvement in the inflammatory 

response (14, 39, 116). The endothelium performs a primary fluid barrier function and 

ultimately contributes to all viral hemorrhagic diseases. Although not all viral 

hemorrhagic fevers target endothelial cells specifically, viral hemorrhagic fevers are 

hallmarked by endothelial dysfunction with increased vascular permeability or 

vascular damage and the role of endothelial cells and platelets in many of these 

diseases has yet to be analyzed. In nearly all viral hemorrhagic disease permeability 
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occurs concomitantly with thrombocytopenia and severely depressed platelet 

functions (82). 

Bunyaviruses 

Hantaviruses: All hantaviruses have the ability to enter endothelial cells regardless of 

whether they cause HFRS, HPS or are non-pathogenic. However, not all hantaviruses 

replicate successfully in endothelial cells. As described above, the non-pathogenic 

hantavirus PHV cannot circumvent early interferon responses and fails to replicate 

within human endothelial cells (2, 32). This indicates that at one level hantavirus 

pathogenesis is determined by the viruses ability to regulate innate cellular responses 

which inhibit replication (3).  A second means for pathogenic hantaviruses to cause 

disease may stem from the accidental dysregulation of normal endothelial functions 

that dynamically alter endothelial cell barrier functions.  

Rift Valley Fever and Crimean Congo Hemorrhagic Fever: Late interferon-α 

responses allow Rift Valley Fever infection of the vascular endothelium and 

determines the severity of Rift Valley Fever. The viral infection itself destroys the 

vascular lining of the capillaries glomeruli and causes severe damage to the 

endothelium (82). Crimean Congo Hemorrhagic Fever (CCHF) virus leads to severe 

hemorrhage but is not highly cytopathic.  It is not clear whether vascular permeability 

in CCHF is caused by damage to the endothelial cells or by disruption of the 

endothelial cell junctions which normally form a fluid barrier (82, 125). 
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Filoviruses:  

Ebola and Marburg viruses are very invasive, cytopathic viruses which 

primarily infect monocytes, macrophages and dendritic cells but rapidly spread to the 

endothelium of many organs (1, 82). Infected macrophages release high amounts of 

pro-inflammatory cytokines, which target the vascular system in particular and lead to 

disruption of endothelial adhesions. In addition, direct infection of the endothelium 

leads to reorganization of adherence and junction proteins and contributes to 

increased permeability and loss of vascular integrity (1, 82).  

Arenaviruses   

Examples of Arenaviruses are Lassa Fever and South American Hemorrhagic 

Fever and contrary to Filoviruses these viruses do not cause endothelial cell damage, 

although little is known about how arenaviruses cause vascular permeability (1, 82, 

90). Pro-inflammatory cytokines are elevated and there is a correlation between levels 

of TNFα and mortality (82, 90). A mouse model for arenaviruses has shown that 

arenavirus infection causes a loss of cellular function, but without causing damage to 

the cell or altering endothelial cell viability (82). Old World Arenaviruses bind the α-

dystroglycan receptor (α-DG), a highly conserved and ubiquitously expressed cell 

surface receptor that binds ECM proteins. Studies have shown that arenaviruses 

downregulate the expression of a functional α-DG receptor resulting in a loss of 

communication between the cell and the ECM (90). New World arenaviruses 

recognize the Transferrin receptor 1 (TfR1) for cell entry, a receptor expressed on the 

cell surface of immune cells and vascular endothelial cells. Arenavirus binding to 
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either α-DG receptor or TfR1 may explain the pathogenesis observed in people 

infected with arenaviruses (90).  

Flaviviruses:  

Dengue virus causes increased vascular permeability without obvious damage to the 

endothelium (7). The mechanism behind dengue virus permeability changes is still 

not understood although increased patient cytokine responses are suggested to be the 

main cause (7, 82). Recent reports however, have also suggested a role for β3 

integrins and VEGFR2. β3 integrins are required for Dengue virus infection in human 

endothelial cells and the severity of plasma leakage and viral load was inversely 

correlated with plasma soluble VEGFR2.  Thus β3 integrins and VEGFR2 may 

contribute to permeability during Dengue virus infection (7). 

 

Viruses that use β3 integrins as cell entry receptor 

 Besides hantaviruses, several other viruses recognize αvβ3 integrins and use 

integrins for cell attachment and cell entry (102). In fact, αvβ3 integrins are among the 

most commonly used receptors by viral pathogens and their interaction with αvβ3 

integrins can transmit cell signaling events that facilitate viral entry and infection 

(102). 

Adenoviruses use the CAR (Coxsackie-adenovirus-receptor) receptor for cell 

attachment  and αvβ3 integrins receptors for cell entry (22). However, in contrast to 

hantaviruses, adenoviruses bind integrins through penton base encoded RGD motifs 

and enter through classical receptor clustering and internalization paradigms (22, 
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102). Foot and Mouth Disease Virus (FMDV) (Picornaviridae) similarly contains an 

RGD motif on its capsid protein and uses αvβ6, αvβ1, αvβ3, and αvβ8 integrin as cellular 

receptors (73, 102). FMDV usage of integrins does not seem to be associated with 

pathogenesis but is linked to tissue tropism (73). 

Human cytomegalovirus (HCMV), a herpesvirus, also uses multiple receptors 

for viral entry (102, 123). HCMV reportedly binds to heparan sulfate, proteoglycans, 

β1 integrins and αvβ3 integrins (102, 123). Binding to αvβ3 occurs through an RGD 

sequence in viral glycoproteins and initiates activation of cell signaling molecules 

such Src and Focal adhesion Kinase (FAK) which promote virus entry and infection 

(123). However, it is unclear whether αvβ3 integrin binding plays a role in herpes virus 

pathogenesis. 
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Section 2: Integrins  

Integrins are heterodimeric transmembrane receptors consisting of non-

covalently bound α and β subunits (46, 92). Nineteen α and eight β subunits have 

been characterized and at least 24 heterodimeric combinations have been identified. 

Integrins serve as anchoring molecules attaching  the cell to the extracellular matrix 

and play a role in fundamental processes such as cell proliferation, cell differentiation, 

angiogenesis, immune cells regulation, platelet aggregration and cell migration (46, 

92). There are only two integrins which contain the β3 integrin subunit: αIIbβ3, which is 

the most abundantly expressed receptor on platelets (~80,000 copies /platelet) and 

αvβ3 which is mainly expressed on endothelial cells (92). 

 

Integrin Bidirectional Signaling 

Integrins connect the inside of the cells with the ECM and their ability for bi-

directional signaling (outside-in and inside-out) is vital for normal cellular functions 

(46). Outside-in signaling events are changes in the ECM that require the cell to 

respond to their altered environment (46, 67). Integrins transmit signals for cell shape 

changes, integrin localization, intracellular pH changes, induction of protein 

phosphorylation and gene transcription (46). However inside-out signals are also 

directed by events within the cell that change the extracellular conformation of the 

integrin and alter ligand binding affinities, cellular adhesion, migration, growth and 
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differentiation (46, 67). As a result communication between the ECM and the cell is 

tightly controlled through structural rearrangements of cellular integrins (67).  

Integrins exist in two conformations, an extended active integrin conformation 

and a bent inactive integrin conformer (Figure 2). Conformational states have 

primarily been studied using the crystal structures of αIIbβ3 and αvβ3 integrins (67, 

105). The extended integrin conformation contains the ligand binding pocket at the 

apex of the integrin and is linked to integrin activation and high affinity ligand 

binding (46, 133). In contrast, in the bent conformation the ligand binding pocket is 

folded towards the cell membrane and the bent conformer is associated with a low 

ligand binding affinity (46, 133). The inactive integrin is bent at the “genu” of the 

integrin formed by the PSI domain, the hybrid domain and two of the EGF-like 

repeats (105, 133).  

The PSI domain comprises the N-terminal 54 amino acids of the mature β3 

subunit (46, 129). PSI domains derive their names from the homology of plexins, 

semphorins and integrins (46) based on the relative position of 6-8 cysteines and a 

tryptophan residue (129). The β3 integrin PSI domain has 7 cysteines which form 3 

internal disulfide bonds (C5-C23, C16-C38, C26-C49), Cys13 forms a long disulfide 

bond with Cys435 (97). The PSI domain forms a double-stranded anti-parallel β sheet 

with two flanking short helices which are connected to the β sheet by disulfide bonds 

(97, 129). The W25 side chain forms a small hydrophobic core and Leu33 is located 

in the loop between two strands of the β sheet (129). Although the exact function of 

the PSI domain is unknown, it is believed that the PSI domain together with the 
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hybrid and two EGF-like repeats acts as a conformational switch that determines the 

movement of the head and leg domains of the integrin (97, 129). 

The bent, inactive integrin conformation is the basal state of integrins 

expressed on cells (67, 133) with the ligand binding domain masked from the 

extracellular matrix. The PSI domain is at the apex of the bent integrin (5, 105, 133). 

Binding to the ECM (outside-in) or binding of cytoskeleton proteins to the integrin 

cytoplasmic domains (inside-out) results in a conformational change of the bent 

integrin into an extended conformation which binds ligands with high affinity (67) 

(Figure 2).   

 

Integrins and Their Role in Vascular Permeability 

Endothelial cells line the vasculature of every organ in the body and form a 

barrier between the vessel lumen and the surrounding tissue (128). The endothelium 

regulates blood flow, hemostasis, nutrient distribution, immune cell extravasation (14) 

inflammation, coagulation, wound healing and angiogenesis (42, 128). Angiogenesis 

involves the formation of new blood vessels and is mediated by endothelial cell 

specific growth factors like vascular endothelial cell growth factor (VEGF) (77, 118). 

VEGF has many effects on endothelial cells and plays a role as a unique growth 

factor which induces cell division in addition to its ability to dissociate endothelial 

cell contacts and permit endothelial cell migration required for vascular repair.  

VEGF was originally identified as a vascular permeability factor which 

potently induced edema and was 50,000 times more effective than histamine in 
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directing fluid into tissues. VEGF binding to the VEGFR-2 receptor induces the 

internalization of VE-cadherin which is a unique endothelial cell adherence junction 

protein and forms the primary inter-endothelial cell fluid barrier. VEGF is released by 

platelets, immune cells and endothelial cells following vascular damage or changes in 

the ECM adherence (77). Endothelial cell migration is an essential step in 

angiogenesis and αvβ3 integrins serve a primary role in directing cell migration 

required for angiogenesis (77). Cell migration requires VEGF directed dissociation of 

adherence junctions which permits cell movement but also enhances capillary 

permeability. This is balanced by integrins which regulate VEGF permeabilizing 

responses by providing additional adherence functions and the direction of endothelial 

cell movement. VEGF and αvβ3 work in concert, in fact the ectodomains of VEGFR-2 

and αvβ3 form an immunoprecipitable complex that coordinately regulates vascular 

permeability (9). The regulatory action of αvβ3 integrins and VEGFR-2 on 

angiogenesis and cell migration is also supported by studies of β3 integrin deficient 

endothelial cells and mice (89). β3 integrin knock-out mice are viable and their 

vasculature is indistinguishable from wild type mice. However, these mice present 

with reduced platelet function and microvascular hemorrhage suggesting that there 

are distinct differences in vascular permeability. Interestingly, β3 integrin knock-out 

mice and endothelial cells in culture are hyper permeabilized by VEGF addition (89). 

These findings illustrate the intertwined role of αvβ3 integrins and VEGF in regulating 

capillary permeability and barrier functions (89, 99). 
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β3 Integrins and Disease 

Glanzmann Thrombasthenia (GT): Glanzmann’s Thrombasthenia is a rare autosomal 

hereditary hemorrhagic disorder caused by the reduction or complete absence of 

platelet aggregation (91, 92). Patients with GT have prolonged bleeding times due to 

defective platelet function and adherence to the endothelium (92). GT stems from 

mutations in either αIIb or β3 subunits that result in either little or no expression of a 

functional αIIbβ3 integrin on platelets (16, 92). Mutations in the β3 subunit lead to 

deficiencies in both αIIbβ3 and αvβ3 integrin and affect both platelet and endothelial 

cell functions. Interstingly, β3 integrin knock-out mice serve as models of 

Glanzmann’s Thrombastenia (16, 41, 91). Like GT patients, β3 integrin knock-outs 

have classical symptoms of GT disease including prolonged bleeding times, impaired 

platelet aggregation, and microvascular hemorrhage (41, 91). 

Fetomaternal Alloimmune Thrombocytopenia (FMAIT) and Post Transfusion 
Purpura (PTP) 
 

β3 integrins contain Human Platelet Antigens (HPA) which antigenically 

characterize platelet subtypes in human populations. Differences in HPA-1a and 

HPA-1b are derived by a single T-C nucleotide change which generates two β3 

integrin alleles and is specified by a single amino acid change within the β3 integrin 

PSI domain. HPA-1a contains leucine at position 33, while residue 33 is a proline in 

HPA-1b individuals. The HPA-1b allele is present in 15-20% of the Caucasian 

population, ~ 8% of African populations and less than 1% of the Asian population 

(50).  HPA-1a/b changes are antigenically important since they elicit immune 
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responses following transfusion, or direct maternal antibodies against fetal αIIbβ3 

integrins with a different HPA-1 type. The incompatibility between mother and fetus 

can lead to severe fetal thrombocytopenia, fetal intracerebral hemorrhage and death in 

utero (49, 50, 117). Neonatal thrombocytopenia is seen in otherwise healthy newborns 

and occurs at a frequency of 0.9% in the general population. Within Caucasian 

populations, severe thrombocytopenia due to anti-HPA1 antibodies occurs in 

approximately 1 in 1000 pregnancies (50). Studies have shown that anti-HPA1a 

antibody binding to β3 integrins leads to downstream signaling differences (49). Anti-

HPA-1a antibodies inhibit fibrinogen binding by platelets thereby inhibiting 

aggregation of L33/L33 positive platelets and retarding or partially inhibiting the 

aggregation of L33/P33 platelets. In addition, anti-HPA1a antibodies reduce 

endothelial cell spreading and the negatively affected endothelial cell monolayer 

causes redistribution of junction proteins (49, 117).  

Post-Transfusion Purpura or PTP is a rare but serious complication of blood 

transfusion and is caused by antibody responses to L33/P33 amino acid differences 

within the PSI domain of β3 integrin (124).  Patients homozygous for HPA-1b who 

receive blood from a homozygous HPA-1a donor form antibodies that destroy both 

donor and self platelets. The destruction of transfused and self platelets leads to 

severe thrombocytopenia approximately ten days after transfusion and last several 

weeks (124). Transfusion seems to trigger a recall response of HPA-1 antibodies in 

individuals who are already sensitized, e.g. women sensitized by pregnancy and men 

immunized through earlier transfusions (124). These findings demonstrate the 
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importance of β3 integrins and PSI domain residues in thrombocytopenia and 

autoimmune responses. 

Drug-Induced thrombocytopenia  
 
ReoPro, Tirofiban,  Eptofibatide and Quinine: ReoPro is a chimeric murine/human 

Fab fragment directed against β3 integrin. ReoPro binds to an epitope near to the β3 

integrin ligand binding site and thus inhibits β3 integrin activation (10, 16). ReoPro 

was developed by Barry Coller at Stony Brook University and approved by the FDA 

in 1994 (16).  Reopro prevents platelet-platelet adherence and ReoPro is given to 

patients following myocardial infarction or cardiovascular surgery to prevent 

coagulation that may occlude vessels. About 1% of patients receiving ReoPro for the 

first and 10 % of patients receiving ReoPro for the second time will develop acute and 

severe thrombocytopenia 5 - 8 hours after administration of the drug (6, 10). In both 

cases thrombocytopenia is believed to be caused by antibodies that recognize either 

murine sequences incorporated into ReoPro or conformational changes caused by 

binding of Reopro to the β3 integrin on platelets (10) (6).  

Tirofiban and Eptofibatide are two ligand mimetic drugs for αIIbβ3 integrin. 

They occupy the RGD recognition site of αIIbβ3 integrin thereby preventing fibrinogen 

binding to αIIbβ3 integrin (6). As with ReoPro, a subset of patients will develop severe 

thrombocytopenia after administration of the ligand-mimetic drugs and studies 

indicate that thrombocytopenia is caused by antibodies that recognize the ligand-

mimetic occupied αIIbβ3 (6). The epitopes for antibody recognition in drug dependent 

thrombocytopenia are not known except in the case of quinine induced 
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thrombocytopenia (83). Quinine is a small molecule with anti-inflammatory and fever 

reducing properties and used to be the antimalarial drug of choice. A subset of people 

taking quinine develops quinine induced thrombocytopenia and studies have shown 

that quinine dependent antibodies bind to residues 50-66 of the β3 integrin subunit. 

This region overlaps the hybrid and PSI domains of β3 integrin and disulfide bonds 

required to stabilize the target epitope (83).  

 Heparin: Heparin-induced thrombocytopenia and thrombosis (HITT) is caused by 

the formation of antibodies against Heparin-Platelet Factor 4 complex. Heparin-PF4 

complexes form on slightly activated platelets followed by binding of IgG which 

binds to heparin-PF4 complex on the platelets through the Fab region. Subsequently, 

the Fc region of the IgG binds to the Fcgamma Receptor II (FcγRII) in an autocrine 

and paracrine manner and strongly activates platelets. As a result, more PF4 is 

released from the activated platelets and available for heparin binding (10, 37). 

Platelet activation results in the formation of platelet microparticles and blood clots 

which leads to a decrease in platelet count (10). Aggregation of platelets is dependent 

on αIIbβ3 integrin and studies have shown that HIT positive individuals, who are also 

HPA-1b positive, have an associated increased risk of thrombosis (37).  

Diseases such GT, FMAIT, PTP and drug-induced thrombocytopenia 

demonstrate that β3 integrin dysfunction is caused by mutations or antibodies 

targeting the β3 integrin and have prominent effects on platelet and endothelial cell 

functions. Interestingly, individuals infected with hantaviruses develop similar 

symptoms to patients suffering from GT, FMAIT, PTP and drug-induced 
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thrombocytopenia.  Hantaviruses keep αvβ3 integrins in a bent inactive state by 

binding to the β3 PSI domain. This is the same domain which defines the HPA-1 

polymorphism and determines FMAIT and PTP immune responses (86). Hantaviruses 

block β3 integrin directed cell migration and like β3 integrin knockouts, also direct the 

hyperpermeability of endothelial cells in response the VEGF (27, 28). Therefore, 

hantavirus interactions with β3 integrins mirror the effects of β3 integrin dysfunction 

and provide a compelling rationale for hantavirus-β3 integrin interactions to contribute 

to vascular permeability and HPS and HFRS pathogenesis. 
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Cells and Virus 

Vero E6 cells (African Green Monkey Kidney Epithelial Cells) (ATCC CRL 

1586) and CHO (Chinses Hamster Ovarian Cells) cells were grown in Dulbecco’s 

Modified Eagle Medium (DMEM) containing 10% fetal calf serum (FCS, 560C 

inactivated), penicillin (100 mg/ml), streptomycin sulfate (100 mg/ml), and 

amphoterecin B (5 mg/ml) (GIBCO). BHK 21 (Baby Hamster Kidney) cells (ATCC 

CCL-10) were grown in Glasgow Minimum Essential Medium (GMEM) 

supplemented with Tryptose Phosphate Broth solution (Sigma) and with 100 mM 

nonessential amino acids (GIBCO). Andes virus (CH1-7913) (23) was kindly 

provided by Dr. B. Hjelle (Department of Pathology, School of Medicine, University 

of New Mexico, Albuquerque). HUVECs (Human Umbilical Vein Endothelial Cells) 

(Clonetics) were grown in endothelial cell basal medium-2 (EBM-2) supplemented 

with human recombinant epidermal growth factor (10 ng/ml), hydrocortisone (1 

μg/ml) gentamicin (50 μg/ml) amphotericin B (50 μg/ml) (GIBCO), 0.1% endothelial 

growth factor and 2% FCS (Clonetics). ANDV and NY-1V were cultivated in a 

biosafety level 3 facility (BSL3) as previously described (27). Briefly, viruses were 

adsorbed onto Vero E6 or BHK-21 cells monolayers for 1 hour at a multiplicity of 

infection (MOI) of 0.5, washed, and grown in maintenance medium DMEM or 

GMEM with 2% FCS.   
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Bacterial strains 

The following bacterial strains were used: 

XL1Blue: recA1 endoA1 gyrA96 thi-1 hsd R17 supE44relA1 lac[F’ proAB 

laqIPZΔM15Tn10 (TetR)] (Stratagene).  

BL21(DE3): F-ompT hsdSB(rB-mB-) gal dcm (DE3) (Novagen). 

 

Antibodies 

Anti Polyclonal rabbit sera to α1 (Ab 1934), α2 (Ab 1930), β3 (Ab 1932), α5β1 

(Ab 1950), and blocking monoclonal antibodies to β2 (MAb 1962) and to αvβ3 

(MAb1976) were from Chemicon International Inc. Goat anti-rabbit horseradish 

peroxidase conjugate and fluorescein labeled Goat anti-mouse IgG(H+L) were from 

Kirkegaard and Perry Laboratories, Inc. The generation of rabbit antisera to the 

hantavirus nucleocapsid protein was previously described (27). Briefly, anti-N-protein 

specific polyclonal rabbit serum made to recombinant N-protein from NY-1V 

expressed in Escherichia coli (29). N-protein-specific sera cross-reacts with N-protein 

from all tested hantaviruses (29). Antibodies to synthetic peptides of human β3 

integrin were generated by immunizing chickens three times with a peptide 

containing β3 integrin residues 17-48 conjugated to KLH (Invitrogen). Purification of 

immune and control yolks were performed with Eggcellent TH Chicken IgY 

purification kit (Pierce) according the manufacturer’s instructions. Non-immune 

rabbit sera and yolks were used as negative controls. 
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Polymerase Chain Reactions (PCR) 

PCR reactions were performed in an Eppendorf Personal Mastercycler. Each 

reaction consisted of 1X buffer (50 mM Tris-HCl, pH 9.0 and 20 mM (NH4)2SO4, 2.5 

mM MgCl2, 0.2 mM dNTPs (USB), 1 U Tfl polymerase (Epicenter) forward and 

reverse primers (100 ng each primer) and 10-100 ng template. Annealing 

temperatures used varied from 50-60°C depending on template DNA and oligo. A 

generic cycle used for amplying PCR products is as following: denaturation at 95°C 

for 30 seconds, annealing for 30 seconds and elongation at 72°C for 1min/kb of PCR 

product. 

 

RNA/cDNA  

Total RNA was extracted from Syrian hamster cell line BHK-21 and Syrian 

hamster liver tissue (RNAeasy, Qiagen). Tissue was lysed with 0.5 ml of a guanidine 

based lysis buffer (buffer RTL + β-mercaptoethanol). Lysates were purified according 

to manufacturer’s instructions. Briefly, one volume of 70% ethanol was added to the 

lysate and the lysate was passed through an RNAeasy column. The column was 

washed with 2 volumes of RPE buffer and RNA was eluted in RNAse-free water. 1 

μg of RNA was used to prepare template cDNA (Roche) with primers based on 

conserved sequences within human, murine, rat and rabbit β3 integrin integrins 

(GenBank accession nos. NM_00012, NM_016780, NM_153720 and 

NM_001082066 resp.):  
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antisense primers 5’ATCACAKACTGTAGCCTGCATGATGGC 3’, ending at 777 

and 5’AGCACRTGTTTGTAGCCAAACATGGG 3’, ending at bp 659, R= A or G, 

K= T or G (cycle 25°C 10 min, 42°C 60 min, 95°C 5 min). The obtained fragments 

were subjected to a nested PCR using forward primer: 

 5’ CTGGCGCTGGGGGCGCTGGCGGGCGT 3’ starting at bp 43 and the reverse 

primer : 5’ TCCACRAAKGCCCCRAAGCCAATCCG 3’ ending at bp 551 (cycle 

95°C 1 min., 60°C 1 min., 72°C 30 sec.). The obtained DNA fragment was ligated 

into pCRIITOPO (Invitrogen), transformed into XL1Blue and sequenced. The region 

corresponding to the N-terminal 53 residues of human β3 integrin was subcloned into 

pET6His vector, transformed into BL21(DE3) cells and subsequently expressed.  

 

Restriction digestions 

Digests were performed in 50 μl reactions at 1X concentrations of provided 

buffers. Enzymes were purchased from New England Biolabs (NEB) or Invitrogen 

and buffers were used according to manufacturer’s suggestions. For screening 

reactions, 1-2 U of enzyme was used per reaction and digested for 1 hour at 37°C. For 

cloning, 2 μg of DNA was digested with 10 U of restriction enzyme for 1 hour at 

37°C.  
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Gel purification 

Digested PCR products and vectors were run on a 1% agarose gels containing 

ethidum bromide (Ultrapure Agarose, Invitrogen) in TAE buffer (40mM Tris acetate 

and 10mM EDTA, pH8.0) at 100 V. After sufficient separation, bands were excised 

and placed in an Eppendorf. DNA was purified using the Qiagen Gel Extration Kit 

according to manufacturer’s instructions. Gel slices were dissolved in QB buffer and 

melted at 50°C for 10 minutes. The mixture was added onto a column and centrifuged 

for 1 min at >10,000 rpm. Columns were washed with ethanol buffer and eluted with 

Tris buffer (pH 8.0) or water. 

 

 DNA ligation 

For each ligation, a 20 μl reaction was set up containing the following: insert 

DNA, vector DNA, T4 DNA ligase buffer (1X buffer: 50mM Tris-HCl (pH 7.6), 

10mM Mg Cl2, 1 mM DTT, 1 mM ATP, 0.5% polyethylene glycol 8000) and T4 

DNA ligase (1U). The reaction was mixed and allowed to incubate overnight at 16°C.  

 

Site-directed mutagenesis 

Stratagene’s QuikChange Site-Directed Mutagenesis kit was used for β3 

integrin mutation reactions according to manufacturer’s protocols. Reactions 

contained 5 µl of 10X Reaction buffer (1X reaction: 10 mM KCl, 10 mM (NH4)SO4, 

20 mM Tris-HCl (pH8.8), 2 mM MgSO4, 0.1% Triton-X-100, 0.1 mg/ml BSA, 50 ng 
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DNA, 125 ng forward primer and reverse primers, 1 µl Pfu Turbo polymerase 

(elongation rate ~1 kb per minute). Amplifications took place under following 

conditions: 95°C (30 seconds), 1 cycle; 95°C (30 seconds); 55°C (1 min), 68°C (1-3 

min), 16 cycles; 4°C, hold. 

After the cycle was completed, 1 µl DpnI was added to each reaction and 

incubated at 37°C for 1 hour to digest template plasmid. 1 ml of each reaction was 

transformed into chemically competent XL1 Blue cells by incubation on ice (30 min) 

and heat shocked at 42°C for 45 Sec. Transformed cells were incubated in 500 µl LB 

for one hour at 37°C and spread on LB plates containing antibiotics. 

 

Preparation of competent cells 

XL1 blue and BL21(DE3) competent cells were transformed by 

electroporation and prepared as follows. Cells were grown overnight and diluted 1:50 

in 1000 ml of fresh Luria broth (LB; 1% NaCl-1% tryptone-0.5% yeast extract, pH 

7.0) and grown at 37°C to an A600nm of 0.6. Cells were pelleted in a Sorvall 

Superspeed centrifuge at 5000 rpm for 5 min and pellets were washed with ice-cold 

sterile water. Washes and spins were repeated four times. After a final wash, cells 

were washed once in 10% ice-cold glycerol, pelleted for 15 min at 3500 rpm and 

resuspended in 1 ml of 10% glycerol. Cells were aliquoted in 50 μl per 1.5 ml tube, 

and flash-frozen in a dry ice/ethanol bath. Cells were stored at -80°C until use. 

 



39 
 

Bacterial Transformation 

 For transformation, frozen XL1 blue or BL21 (DE3) competent cells were 

thawed on ice, 1-2 μl (~0.1-10 ng) DNA was added, and cells were transferred to a 

pre-chilled 0.1 ml cuvette (Invitrogen). Cells were electroporated using a Bio-Rad 

gene pulsar (200 ohms, 25 μF, 1.25 kV). Six hundred μl of pre-warmed (37°C) LB 

was immediately added to cells, which were incubated for recovery at 37°C for 1 hour 

with shaking. To obtain bacterial colonies containing the plasmid of interest, 

transformed cells were plated on LB agar plates with the appropriate antibiotic(s), and 

incubated at 37°C overnight. 

 

Preparation of Plasmid DNA 

Alkaline Lysis Mini-prep:  

A 3 ml LB culture was grown overnight at 37°C with shaking. Cells were 

pelleted at  >12,000  rpm for 2 min and resuspended in 100 μl Solution I (50 mM 

glucose, 25 mM Tris pH 8.0, 10 mM EDTA, + RNase A). Cells were lysed in 200 μl 

Solution II (200 mM NaOH, 1% SDS) at room temperature for 1 min and 

subsequently neutralized with 150 μl Solution III (3 M potassium, 5 M acetate) to 

precipitate protein and genomic DNA. The prep was centrifuged at >12,000 rpm for 

10 min at room temperature. The cleared lysate was moved to a clean tube and the 

pellet discarded. The mixture was phenol/chloroform extracted once: an equal volume 

of cold phenol/chloroform was added to the supernatant and vortexed for one minute. 



40 
 

The mixture was centrifuged at >12,000 rpm to separate phases and the upper 

aqueous layer was removed to a clean tube for ethanol precipitation: 1/10 volume of 

3M sodium acetate pH 5.2 and 2.5 volumes of ethanol and were added the aqueous 

layer. The sample was vortexed and stored at -80°C for 10 minutes to allow DNA to  

precipitate. DNA was pelleted at 14,000 rpm for 10 minutes and the resulting 

supernatant was discarded. The pellet was washed with 70% cold ethanol and 

resuspended in 50 μl 10 mM Tris-HCL pH 8.0  or distilled water and 1 μl of RNase A 

(10 mg/ml) was added.  

Cesium Chloride Maxi Prep:  

A 500 ml LB culture was grown overnight at 37°C with shaking. Cells were 

pelleted at 5000 X g for 5 min and resuspended in 6.5 ml of Solution I (50 mM 

Glucose, 25 mM Tris-HCl pH 8, 10 mM EDTA). The cells were lysed with 13.5 ml of 

Solution II (0.2 M NaOH, 1% SDS) for 5 minutes on ice. The lysate was neutralized 

with 10 ml of Solution III (3 M Potassium Chloride, 5 M Acetate) for 5 minutes on 

ice and spun at 3500 rpm in a tabletop centrifuge for 30 min at 4°C. 20 ml of 

isopropanol was added to the supernatant and incubated at room temperature for 30 

minutes. DNA was pelleted at 3500 rpm for 30 minutes in a tabletop centrifuge. The 

pellet was washed in 3 ml of 70% ethanol, dried and resuspended in 4 ml of TE pH 

8.0. Exactly 4.4 g of CsCl and 10 μl of ethidium bromide (10mg/ml) was added and 

the mixture was sealed in a polyallomer Quik-Seal tube (13 x 51 mm) (Beckman). 

The sample was spun in a vTi65 rotor at 50,000 rpm, 18 hours in a Beckman LS-70 
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ultracentrifuge. Plasmid DNA bands were harvested by side puncture using a 20G 

needle. DNA was extracted with butanol saturated water (5 x 3 ml) to remove 

ethidium bromide. The sample was dialyzed overnight in TE using 14 kDa MWCO 

dialysis tubing to remove the CsCl. DNA was recovered by ethanol precipitation.  

 

Plasmids  

cDNA coding regions for human β3 and αv, murine β3 and bovine β3 integrin 

subunits were previously cloned in pcDNA3.1(-)/ZEO. Bovine β3 P33L and human β3 

L33P mutants were generated by oligonucleotide-directed mutagenesis as described 

above (Stratagene) and sequenced.  Clones containing  residues 1-53 of human β3, 

bovine β3, bovine β3 P33L and murine β3 were subcloned from full length human, 

bovine and murine β3 plasmids into pET6His at the BamH1/EcoRI site as previously 

described (86). 

 

Mammalian cell transfection 

Lipofectamine 2000: Transfections were performed on monolayers of CHO 

cells (~75-95% confluent) in 6-well plates (Corning, Inc) using Lipofectamine 2000 

(Invitrogen) according to manufactures instructions. Briefly, cells grown in one well 

of a 6-well plate were transfected using a 3:1 ratio (v/w) Lipofectamine 2000 to 

plasmid DNA (0.5 µg each) per well for 16 hours. Monolayers were washed with 1X 

PBS, and grown in complete DMEM (10% FCS, penicillin and streptomycin) for 48 

hours prior to analysis. 
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Flow cytometry 

CHO cells were transfected (Lipofectamine 2000, Invitrogen) as 

recommended with equal amounts of human αv and either human β3 or bovine β3 

expression plasmids (pcDNA3.1). Two days post transfection, transfected CHO cells 

were washed with ice-cold PBS and cells were dissociated with enzyme-free PBS 

based cell dissociation buffer (Invitrogen). Cells were resuspended in 100 μl of PBS 

2% FCS and incubated with anti-αvβ3 (mAb 1976) (2 µg per 1 x 106 cells) for 30 

minutes at 4°C. Cells were pelleted (1000 rpm for 2 minutes), washed twice with ice 

cold PBS and incubated with anti-mouse FITC for 30 minutes at 4°C. Cells were 

repelleted, washed twice with ice cold PBS 2% FCS, resuspended in 500 μl PBS and 

subjected to flow cytometry (FACSCalibur cell sorter, BD Biosciences). The 

geometric mean titer of β3 integrin fluorescence on CHO cells was used as measure of 

integrin expression levels and only cells expressing comparable levels of human or 

bovine β3 integrins were used in ANDV infection experiments. 

 

Protein expression and purification 

Isopropyl-β-D-thiogalactopyranoside (IPTG) induction (1 mM for 3 hours) of 

pET6His plasmid in BL21(DE3) cells was used to express β3 polypeptides containing 

residues 1-53 and performed at 30°C as previously described (86). Briefly, 50 ml 

bacterial pellets were resuspended in 0.1 M NaH2PO4/10 mM Tris-HCl/ 1 M urea, 

sonicated, and purified on Ni2+-NTA resin (Qiagen). Proteins were eluted with 50 
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mM EDTA, dialyzed overnight in PBS (3.5-kDa cutoff), and protein concentrations 

were quantitated by bicinchoninic acid (BCA) assay (Pierce). 

 

Immunoprecipitation Assays 

 CHO cells were transfected with plasmids expressing Human αv and either 

human β3, human β3 L33P, bovine β3 or bovine β3 P33L.  Two days post-transfection, 

cells were washed with 1X PBS and lysed in RIPA lysis buffer (1% NP40, 0.5% 

Sodium deoxycholate, 0.1% SDS,  leupeptin; 10 µg/ml, aprotinin ;10 µg/ml, pepstatin 

A; 1 µg/ml). Lysates were clarified by centrifugation and αvβ3 integrins proteins were 

immunoprecipitated with anti-αvβ3 MAb (LM609), and protein A/G-plus agarose 

beads. Beads were washed 5 times with RIPA lysis buffer and resuspended in non-

reduced SDS sample buffer. Precipitated proteins were analyzed by Western blot as 

indicated. 

 

Western Blotting 

Purified β3 polypeptides or immunoprecipated β3 proteins were separated by 

15% or 7% SDS-PAGE respectively. Proteins were transferred in a cold Tris-Glycine 

transfer buffer (30 % methanol) to nitrocellulose using a Novex Xcell electroblotter 

for 1 hour at 100V and blocked with 2% BSA.  Full length β3 proteins were detected 

using rabbit anti-β3 antibody (MAb1932, Chemicon) (1:2,000) or chicken antibodies 

made to a purified human β3 polypeptide containing residues 17-48. Blots were 
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washed 3 times with 1X Tris-buffered saline (TBS-T; 50 mM Tris, 150 mM NaCl, pH 

7.4, 0.4% Tween 20) and incubated with anti-rabbit (1:5000) (Amersham) or anti-

chicken (1:2000) (Kirkegaard) HRP-conjugated antibody. Western Blots were 

developed by fluorography in the presence of ECL reagent (Amersham).  

 

Silver Staining 

Silver staining reagents were purchased from Biorad and the staining was 

performed according to the manufacturer’s protocol. Briefly, the gel was methanol 

fixed in Fixation Solution I (40% methanol, 10% acetic acid) for 30 minutes followed 

by two 5 minutes washes of Fixation Solution II (10% ethanol, 5% acetic acid). 

Proteins were oxidized for 5 minutes using a 1X Oxidizing Solution. Washed 5-8X 

with distillled water and then incubated with 1X Silver Solution for 20 minutes. Two 

30 second incubations with Developing Solution were used to develop bands. The 

reaction was terminated with Stop Solution (5% acetic acid).  

 

Ligand and Antibody Pretreatment of Cells 

HUVECs, VeroE6 cells and BHK-21 cells were pretreated with antibodies (0.1 

µg/ml-1 µg/ml) or potentially competitive ligands (5 µg/ml - 20 µg/ml) for 1 hour at 

4°C. Antibodies and ligands were pre-adsorbed to cells in 50 µl of DMEM with 2% 

FCS in duplicate wells of a 96-well plate on ice. Sera or ligands were removed and 

cells were washed with PBS. Approximately 1000 focus forming units of hantavirus 

were adsorbed to monolayers for 1 hour at 37° C. Unbound virus was removed, 
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monolayers were washed three times with PBS and infected monolayers were 

incubated 24 hours prior to methanol fixation (100% methanol, 30 minutes at -20° C). 

 

Polypeptide Inhibition of Hantavirus Infection 

Increasing amounts (5 µg/ml - 20 µg/ml) of human (Hu), murine (Mu), bovine 

(Bo), P33L bovine mutant (Bo P33L) or Syrian hamster (Syr. Ham.) β3 polypeptides 

(residues 1-53) were incubated with approximately 1000 FFUs of ANDV or NY-1V 

(2 hours at 4°C). Subsequently virus was adsorbed to VeroE6 cells or BHK-21 cells 

in duplicate wells (96 well plate, 100 µl per well) for 1 hour at 37°C. Monolayers 

were washed with PBS and cells were grown in complete media for 24 hours prior to 

methanol fixation. Nucleocapsid protein present in infected cells was detected by 

immunoperoxidase staining using anti-nucleocapsid antibody and the number of N-

protein containing cells was quantitated as previously described. 

 

Cloning and Sequencing of Syrian Hamster β3 Integrin Subunit 

 Total RNA was extracted from Syrian hamster cell line BHK-21 and Syrian 

hamster liver tissue (RNAeasy, Qiagen).  RNA was reversed transcribed into cDNA 

(Transcriptor First Strand cDNA Synthesis, Roche) (25°C 10 min, 42°C 60 min, 95°C 

5 min) using primers containing consensus β3 integrin subunit sequences derived from 

human, murine, rat and rabbit β3 integrins:  antisense primers 

5’ATCACAKACTGTAGCCTGCATGATGGC 3’, ending at bp 777 of human β3 
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integrin sequence and 5’AGCACRTGTTTGTAGCCAAACATGGG 3’, ending at bp 

659 of the human β3 integrin sequence, R= A or G, K= T or G. cDNA was subjected 

to nested PCR using a forward primer 5’ CTGGCGCTGGGGGCGCTGGCGGGCGT 

3’ starting at bp 43 of the human β3 integrin sequence  and the reverse primer 5’ 

TCCACRAAKGCCCCRAAGCCAATCCG 3’ starting at bp 526 of the human β3 

integrin sequence (cycle 95°C 1 min., 60°C 1 min., 72°C 30 sec.). Amplified cDNA 

fragments were ligated into pCRII-TOPO (Invitrogen), transformed into XL1Blue 

cells and sequenced. The region corresponding to the N-terminal 53 residues of 

human β3 integrin was subcloned into pET6His vector at the BamHI/EcoRI site, 

transformed into BL21(DE3) cells and subsequently expressed as described above. 

 

CHO cells transfection and infection 

CHO cells were transfected (Lipofectamine 2000, Invitrogen) as 

recommended with equal amounts of human αv and either human β3 or bovine β3 

expression plasmids. Two days post transfection, αvβ3 integrin expression was 

detected by flow cytometry as described above. Transfected and mock transfected 

CHO cells were infected with ANDV 48 hours post transfection as described above. 

Cells were methanol fixed after 24 hours, immunoperoxidase stained for hantavirus 

nucleocapsid protein, and the number of infected cells was quantitated by microscopy 

as previously described (86). 
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Quantitation of Hantavirus-infected cells 

Methods for immunoperoxidase staining of hantavirus antigens in infected 

cells were previously described (29). Cell monolayers were fixed in 100% methanol 

for 20 min at -200C and incubated with polyclonal rabbit anti-nucleocapsid serum 

(1/2000) for 1 h at 370C. Monolayers were washed four times with PBS and incubated 

with 1/2000 dilution of goat anti-rabbit horseradish peroxidase conjugate (Kirkegaard 

& Perry Laboratories). Monolayers were then washed four times with PBS and 

stained with 3-amino-9-ethylcarbazole (0.026%) in 0.1 M sodium acetate (pH 5.2)-

0.03% H202 for 5 to 30 min. Reactions were stopped by washing with distilled water, 

and immunoperoxidase-stained infected cells were quantitated and compared to that 

of mock infected or untreated infected cell controls. 
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        ANDV infection of Syrian hamsters is the only model of hantavirus disease 

which mimics human HPS disease. However, infections of Syrian hamsters by other 

pathogenic hantaviruses have failed to cause disease. These findings and the ability of 

ANDV to spread from person to person suggest that ANDV has unique attributes that 

permit its spread and pathogenesis. Although all pathogenic hantaviruses studied thus 

far use human β3 integrins, the use of β3 integrins by ANDV has not yet been 

investigated and it is unclear whether β3 integrins in Syrian hamsters confer 

susceptibility to any hantaviruses.  

 

 Replication of ANDV and NY-1V in BHK-21 Cells and VeroE6 Cells 

  Baby Hamster Kidney 21 cells (BHK-21 cells) are derived from Syrian 

hamsters and initially we determined whether ANDV enters BHK-21 cells similar to 

VeroE6 cells. Figure 3 indicates that the addition of identical amounts of ANDV to 

VeroE6 and BHK-21 cells resulted in the infection of both cell types although the 

number of infected VeroE6 cells was approximately 2-fold higher than BHK-21. In 

contrast, infection of BHK-21 cells by NY-1V was reduced by >3 logs compared to 

the infection of VeroE6 cells (Figure 3).  This result suggests that there is a 

fundamental difference in ANDV and NY-1V infection of BHK-21 cells. This 

difference could occur through a number of mechanisms including receptor entry or 

post-entry events that permit successful ANDV infection 
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Inhibition of ANDV Infection with Vitronectin and Antibodies 
 

Syrian hamsters infected with ANDV develop a lethal disease with onset, 

symptoms and respiratory distress similar to that of HPS patients. To date all 

pathogenic hantaviruses have been demonstrated to use β3 integrins for cellular entry 

and pathogenic hantaviruses inhibit β3 functions days after infection. However, 

ANDV interactions with human or Syrian hamster β3 integrins have not been defined, 

and the role of β3 integrins in regulating endothelial barrier functions provides a 

rationale for β3 integrin contribution to viral pathogenesis.   

Here we investigated whether ANDV interacts with human or Syrian hamster 

β3 integrins and defined residues required for ANDV infection.  Initially, we 

determined whether pretreating VeroE6 cells or Syrian hamster BHK-21 cells with 

specific ligands or antibodies to αvβ3 integrins inhibited ANDV infection.  Pretreating 

cells with increasing amounts of collagen, chondroitin sulfate, laminin or fibronectin 

had no effect on ANDV infection. In contrast, pretreating VeroE6 cells (Figure 4A) 

and BHK-21 cells (Figure 4B) with vitronectin, a high affinity αvβ3 ligand, inhibited 

ANDV infection by 80% and 70% respectively. Unfortunately, antibodies that 

recognize Syrian hamster β3 integrins are not available and antibodies to human β3 

integrins do not recognize Syrian hamster β3 integrins (Figure 5). This permitted us to 

investigate only the ability of antibodies to human β3 integrins to inhibit ANDV 

infection in HUVECs (Figure 6A) and VeroE6 cells (Figure 6B). Pretreating cells 

with antibodies to human β3 or αvβ3 dose-dependently inhibits ANDV infection of 

HUVECs and VeroE6 cells (85% and 70%, respectively; Figures 6A and 6B). 
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Antibodies to the αv integrin subunit also reduced ANDV infection of HUVECs and 

VeroE6 cells (40-60 %) while antibodies to α1, α2, β2 and β5 had no inhibitory effect 

on ANDV infection. These results indicate that ligands or antibodies specific to αvβ3 

integrins block ANDV entry into human, simian and Syrian hamster cells. 

 
  
Inhibition of ANDV with human PSI domain 

 
NY-1V binding to β3 integrins was previously shown to be RGD independent 

and mediated by the N-terminal PSI domain present on human, but not murine β3 

integrin subunits (29, 86) In order to determine if ANDV interacts with human β3 

integrin PSI domains, we determined whether expressed β3 integrin PSI domain 

(residues 1-53) inhibited ANDV infectivity. Pretreating ANDV with increasing 

amounts of the expressed human β3 PSI domain reduced ANDV infection of 

HUVECs by 75% (Figure 6A) and ANDV infection of BHK-21 cells by 85% (Figure 

7B).  In contrast, the murine β3 integrin PSI domain had no apparent effect on ANDV 

infection of either cell type. 

 

Minimal Domain Required for Hantavirus Recognition  
 

The expressed polypeptide containing residues 1-53 comprises the N-terminal 

PSI domain of β3 integrins and inhibits pathogenic hantavirus infection (86). Within 

the 1-53 N-terminal β3 integrin there are 7 cysteine residues which form 3 internal 

disulfide bonds in β3 integrins expressed on the surface of cells (5-23, 16-38 and 26-
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49) (Figure 8).  In order to determine the minimal domain required to inhibit ANDV 

infection, we synthesized small peptides between cysteine residues present in the 

human N-terminal β3 integrin 1-53 domain. A peptide containing β3 residues 13-49 

has 6 cysteine residues but Cys13 forms a long range disulfide bond with Cys435. 

Only 2 paired cysteine residues, 16-38 and 26-49, remain in the β3 integrin PSI 

domain containing residues 13-49. Peptide 17-48, contains 3 cysteines but no native 

disulfide bonding cysteine pairs and includes domains that differ between human and 

murine β3 (Figure 8).  

In Figure 9, increasing amounts (5 μg–20 μg) of human β3 polypeptides 13-49 

or 17-48 were incubated with ANDV, NY -1V, HTNV or PHV prior to adsorption 

onto VeroE6 cell monolayers. Twenty four hours post-infection the number of 

infected cells was quantitated by immunostaining for the viral N-protein (Figure 9). 

Murine β3 homologues were used as negative controls for the human β3 peptide 

inhibition assay. Results show that human, but not murine, β3 peptides containing 

residues 13-49 (Figure 9A) or 17-48 (Figure 9B) dose-dependently inhibited 

pathogenic hantavirus infection of VeroE6 cells whereas PHV infection is not 

inhibited by either peptide. These results suggest that shorter peptides within the β3 

integrin 1-53 PSI domain are functional in blocking pathogenic infection of cells. 

Additionally these studies are consistent with studies of bacterially expressed PSI 

domains in suggesting that peptide inhibition does not require native disulfide bonds 

within the β3 integrin PSI domain. 
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Antibodies to PSI domain Inhibit Pathogenic Hantavirus Infection  

Thus far, there are no antibodies that specifically target the β3 integrin N-

terminus which is the hantavirus interacting domain. However our results show that 

the human β3 integrin 17-48 peptide inhibits pathogenic hantavirus infection of 

VeroE6 cells. As a result, we used the human β3 17-48 peptide to generate polyclonal 

antibodies to the PSI domain using a commercial antibody service (Biosynthesis). 

Purified antibodies made to 17-48 recognized the human β3 17-48 polypeptide as 

well as expressed human β3 1-53, human β3 1-136 and full length β3 as shown in 

Figure 10. Subsequently we used the anti-17-48 peptide sera in antibody inhibition 

assays to determine whether it inhibited infection by NY-1V, HTNV, PHV or ANDV 

(Figure 11 and 12). VeroE6 cells or HUVECs (figure 12B) were pretreated with 

increasing concentrations (0.01 μg, 0.1μg, 1μg) of the anti-17-48 antibodies and 

subsequently infected with NY-1V, HTNV, PHV and ANDV. Antibodies to αvβ3 and 

preimmune rabbit sera were used as positive and negative controls respectively. After 

24 hours, infected cells were quantitated by immunostaining for the viral N-protein.  

Pretreating VeroE6 cells (Figure 11 and 12) and HUVECs (Figure 12B) with 

antibodies against the human β3 integrin PSI domain resulted in a 70% to 90%  

decrease in pathogenic hantavirus infection compared to control antibodies. PHV was 

not inhibited by antibodies against human β3 integrin PSI domain. However, as 

previously shown, PHV infection was blocked by antibodies against α5β1 integrins. 

Figure 13 shows that antibodies against human β3 integrin PSI domain recognizes 
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human, murine and bovine β3 integrin PSI domain but not Syrian hamster β3 integrin 

PSI domain. Therefore we could not analyze antibody inhibition of ANDV infection 

of BHK-21 cells.  

 

Syrian hamster β3 Integrin Sequence 
 

Six independent clones of the Syrian hamster β3 integrin PSI domain obtained 

from BHK-21 cells were sequenced. All clones were identical except for one clone 

which had an aspartic acid residue (D39) at position 39 while 5 others had an 

asparagine residues at this position (N39). In order to confirm this, we also extracted 

Syrian hamster β3 integrin from Syrian hamster liver tissue and found that all 7 clones 

had an asparagine at position 39. Therefore, we concluded that the wild type Syrian 

hamster β3 integrin PSI domain contains an asparagine at position 39.  The mutant 

D39 clone of Syrian hamster β3 (1-53) was used for comparative analysis in further 

experiments.  Figure 14 compares the Syrian hamster β3 integrin coding sequences 

with human, murine and bovine β3 PSI domains. The Syrian hamster β3 integrin PSI 

domain differs from human sequences by 8 residues.  In contrast, murine and bovine 

PSI domains, which do not confer hantavirus infectivity, differ by 9 and 4 residues, 

respectively, from human PSI domains, while murine sequences differ by 5 residues 

from the Syrian hamster PSI domain (positions 30, 32, 42, 43, 50).  
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Inhibition of ANDV infection by the Syrian hamster PSI domain 
 

Since ANDV infected BHK-21 cells efficiently, we evaluated whether the 

expressed Syrian hamster β3 integrin PSI domain was capable of inhibiting ANDV 

infection. Figure 15 indicates that pretreating ANDV with the Syrian hamster β3 

integrin PSI domain (1-53) reduced ANDV infection of BHK-21 cells by 80%, 

similar to the human β3 integrin PSI domain (1-53). In contrast, the murine β3 PSI 

domain had no effect on ANDV infection of BHK-21 cells at any concentration. This 

indicates that both the Syrian hamster and human β3 integrin PSI domains interact 

with ANDV and further suggest that ANDV infection of BHK-21 cells is β3 

dependent.  

Since it was previously demonstrated that the presence of an N or D residue at 

position 39 of β3 determined NY-1V interaction with β3 (86),  we determined whether 

mutating residue 39 of the Syrian hamster β3 PSI domain from N to D altered the 

ability of the PSI domain to inhibit infectivity. However, Figure 15 indicates that 

there was no difference in PSI domain inhibition of ANDV between the N39 wt or the 

D39 mutant. This suggested a fundamental difference in the interaction of β3 with 

ANDV and NY-1V at the level of PSI domain residues.  In order to determine if the 

WT Syrian hamster β3 or the N39D mutant Syrian hamster β3 inhibited NY-1V 

infectivity we comparatively evaluated the ability of the NY-1V and ANDV to infect 

HUVECS in the presence or absence of β3 PSI domains. Figure 16 demonstrates that 

both human and Syrian hamster β3 PSI domains inhibited ANDV infection of human 

endothelial cells irrespective of the N39D mutation. In contrast, the Syrian hamster 



56 
 

WT β3 PSI domain had no effect on NY-1V infection of endothelial cells while the 

Syrian hamster N39D mutant blocked NY-1V infectivity similar to the human β3 PSI 

domain. This supports previous findings on the specificity of NY-1V interactions with 

β3 (86) and indicates that ANDV interactions with β3 integrins require discrete PSI 

domain residues from that of NY-1V. 

 

Residue Differences Between β3 Integrins of Different Species  

Specific PSI domain inhibition of ANDV infection further suggests that PSI 

domain sequences determine ANDV attachment and infectivity. We previously 

determined that substituting residues 1-43 of murine β3 with human β3 sequences 

conferred hantavirus infection (86). Results described above show that peptides 

containing residues 17-48 of human β3 integrin inhibit ANDV infection of VeroE6 

and BHK-21 cells. When these findings are considered, only 2 residues in the murine 

β3 (T30, S32) and 1 in the bovine β3 (P33) are completely discrete from human or 

Syrian hamster PSI domain sequences (Figure 17). Murine and bovine β3 PSI 

domains either lack a proline or contain two adjacent pralines at position 32 and 33, 

which differs from Syrian hamster and human β3 PSI domain and suggest that they 

are determinants of ANDV binding to β3 integrins. Previous studies have reported that 

mutation of the human β3 aspartic acid (N39) to an asparagine in murine β3 was 

critical for hantavirus susceptibility (86), however, Syrian hamster β3 has an 

asparagine at this position and this change has no apparent inhibitory effect on Andes 

virus infection of BHK-21 cells. 
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Mutation of Human and Bovine PSI Domain 

In order to define the role of leucine 33 in ANDV recognition, we mutated the 

bovine β3 integrin proline 33 to the leucine (P33L) present in human homologues and 

then determined whether the bovine P33L PSI domain mutant was capable of 

inhibiting ANDV infection (Figure 18). We similarly mutated the murine β3 PSI 

domain to contain a proline residue at position 32 (S32P) in order to mimic the human 

β3 PSI domain. Figure 18 and 19 indicate that the murine β3 PSI domain fails to 

inhibit ANDV infectivity while both human and Syrian hamster β3 PSI domains block 

ANDV infection. Similar to murine β3, the WT bovine β3 PSI domain failed to inhibit 

ANDV infection of BHK-21 cells and VeroE6 cells (Figure 18). However, the P33L 

mutant bovine β3 PSI domain inhibited ANDV infection of VeroE6 and BHK-21 cells 

by 60% and 55% respectively (Figure 18) and the murine S32P mutant β3 PSI domain 

also inhibited ANDV infection of VeroE6 >50% (Figure 19). These finding suggest 

that the absence of proline 32 or the addition of a second proline at position 32 in the 

β3 integrin PSI domain dramatically reduce ANDV recognition of PSI domain 

polypeptides. 

 
Infection of Recombinant CHO Cells 

To further evaluate the effect of P33 on ANDV infection, we reciprocally 

mutated the full length bovine β3 subunit to contain P33L and the full length human 

β3 to contain L33P.  Subsequently we transfected CHO cells with the β3 mutants and 

equivalent cell surface expression of human and bovine αvβ3 integrins on the surface 
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of CHO cells was assessed by flow cytometry (Figure 20 and Table 2). CHO cells 

transfected with human αv integrin (pcDNA3.1 +/NEO) and either pcDNA4B/ZEO 

human β3, human β3 L33P, bovine β3 or bovine β3 P33L integrin were incubated with 

MAb 1976 (LM609) (Chemicon), an anti-αvβ3 antibody directed against a 

conformational epitope resulting from the post-translational association of the αv and 

the β3 integrin subunits. Equal expression of the αvβ3 integrins on the surface of CHO 

cells was confirmed by flow cytometry (Figure 20).  

We determined the susceptibility of CHO cells expressing mutant β3 subunits 

to ANDV infection (Figure 21). CHO cells expressing either bovine β3 or the human 

β3 L33P mutant failed to confer ANDV infectivity.  In contrast, CHO cells expressing 

either human αvβ3 or a bovine β3 P33L mutant enhanced ANDV infection >5 fold 

(Figure 21). These results establish that a proline residue at position 33 inhibits 

ANDV recognition of β3 integrin PSI domains and demonstrates sequence specificity 

for ANDV binding to β3 integrin. 
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Pathogenic hantaviruses are responsible for two severe human diseases, HFRS 

in Eurasia and HPS in the Americas (94). Both diseases are characterized by acute 

thrombocytopenia and vascular permeability, which results in hemorrhage in HFRS 

and acute pulmonary edema in HPS (94, 95).  Pathogenic hantaviruses recognize αvβ3 

integrins expressed on the surface of endothelial cells, the main site of hantavirus 

replication (26, 29, 86). Endothelial cells line the lumen of capillaries and αvβ3 

integrins are key regulators of vascular integrity and permeability (128). Interestingly, 

all pathogenic hantaviruses (HTNV, SNV, PUUV, SEOV, NY-1V, SNV) analyzed 

thus far use β3 integrin receptors on human endothelial cells, and cause vascular 

permeability based diseases, whereas α5β1 integrins are used by nonpathogenic 

hantaviruses (26, 27, 29, 68).  

 

ANDV Recognizes the PSI Domain of Human and Syrian Hamster β3 Integrins 

 ANDV infection of Syrian hamster mimics the long onset, course and 

symptoms of HPS patients, resulting in a fatal HPS-like disease. 

Our results indicate that ANDV infection of either human endothelial cells or 

Syrian hamster BHK-21 cells was inhibited by the high affinity αvβ3 integrin ligand 

vitronectin. Antibodies against αvβ3 integrins and β3 subunits also inhibited ANDV 

infection of endothelial cells demonstrating the specificity of ANDV recognition of 

the human β3 integrin. Antibodies to human β3 integrins failed to recognize Syrian 

hamster β3 or inhibit ANDV infection of BHK-21 cells. Thus these findings 
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demonstrate that ANDV infectivity of human endothelial cells is dependent on the 

presence of β3 integrins.  

Inhibition experiments demonstrated that PSI domain polypeptides derived 

from either human or Syrian hamster origin, inhibit ANDV infectivity. In contrast, 

ANDV failed to recognize PSI domain polypeptides of murine or bovine origin. 

These findings indicate that ANDV selectively recognizes human and Syrian hamster 

β3 integrin PSI domains. These findings are consistent with ANDV pathogenesis in 

both humans and Syrian hamsters.  

 

Small molecule inhibitors and antibodies to β3 integrin as potential therapeutics 

The identification of viral cell surface receptors may spur the development of 

small molecule inhibitors for preventing hantavirus attachment or entry. Several small 

molecule inhibitors are already used as antiviral therapy, mainly for HIV (4, 20, 52). 

Enfuvirtide binds glycoprotein HIV gp41 and blocks HIV cell entry by disturbing the 

conformational changes in glycoprotein gp41 needed for viral-cell membrane fusion 

(4).  A recent study identified inhibitors of arenavirus infection through high 

throughput screening of synthetic combinatorial small molecule libraries.  The study 

shows that the small inhibitors of viral entry act at the level of the glycoprotein-

mediated membrane fusion with an IC50 = 200-350 nM (59).    

A second class of viral entry inhibitors targets the virus itself and these prevent 

the virus from binding to its receptor (20). An example is DCM205, a small molecule 

capable of inactivating HIV in vitro by binding to the glycoprotein 120 and disrupting 
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gp120-CD4 interaction. A third group of antiviral peptides includes compounds that 

bind to the viral receptors on the cell surface (4, 20, 52). HIV uses CCR5 as co-

receptor for cell entry and Maraviroc and Vicriviroc are two compounds that bind 

CCR5 receptor leaving the receptor unavailable for gp120 interaction (52).  

Small molecule therapeutics for hantaviruses disease are non-existent. 

However, we have shown that two small peptides, β3 13-49 containing residues 13-49 

of the β3 PSI domain and β3 17- 48, containing residues 17-48 of the β3 PSI domain 

inhibit hantavirus infection of endothelial cells. These findings provide a rationale for 

developing hantavirus therapeutics using by using β3 13-49 and β3 17-48 directly as 

therapeutic agents or as leads for developing compounds that bind β3 or mimic the β3 

hantavirus binding site. Other groups have identified inhibitory peptides for SNV, 

ANDV and HTNV infection of Vero6 cells using phage display libraries (35, 36, 58). 

Elution of phage using antibodies to αvβ3 integrin identified several positive clones 

which were then used in inhibition assays of SNV and HTNV (58). However, 

inhibition percentages of the synthesized peptides varied from 51% to 14% but only 

when applied at a 2 mM concentration. At these peptide levels, it is not clear whether 

there is any specific inhibitory effect of the peptides. In contrast, our data shows that 

peptides containing the β3 integrin PSI domain inhibit hantavirus infection by 75% at 

30 µM levels.  

A similar approach using commercial antibodies against ANDV Gn and Gc 

was used to elute phage and identify inhibitory peptides against ANDV (35). The 

inhibitory peptides showed homology to several β3 integrin domains of unknown 
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binding capacity, but none showed homology to the PSI domain (35).  The 3 most 

potent peptides inhibited ANDV infectivity by 57% at a concentration of 1 mM while 

an internal discrepancy within the paper indicates an IC50 of 25-30 µM for each 

peptide (35).  

Antibodies to β3 integrins such as ReoPro are used clinically to prevent platelet 

aggregation, clotting and thrombosis following vascular surgery or myocardial 

infarction or to prevent angiogenesis (Vitaxin) (16). ReoPro is the humanized Fab 

fragment derived from antibody c7E3 and hantavirus infection is inhibited by c7E3 

but not by ReoPro suggesting steric inhibition by c7E3 rather than inhibition by 

attachment to the hantavirus binding site (26, 35). In fact, mutations at positions 129 

and 177-184 of human β3 abolish c7E3 binding and are outside of the PSI domain 

recognized by pathogenic hantaviruses (16, 26). LM609 is another β3 antibody 

directed against a conformational epitope formed in the αvβ3 heterodimer that inhibits 

pathogenic hantavirus infection of cells (16, 26).  

Due to lack of antibodies to the β3 integrin PSI domain we developed 

polyclonal antibodies to the β3 integrin PSI domain (residues 17-48) and these 

antibodies inhibit infection by pathogenic hantaviruses NY-1V, HTNV and ANDV. 

These findings may rationalize the specific development of monoclonal antibodies to 

human β3 integrin 17-48 that can be used to block hantavirus infection. However, 

antibodies to β3 integrins can have significant side effects and may increase 

hemorrhagic disease or auto-immune responses to the integrin itself (6, 10, 37).  
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Development of peptide therapeutics and immunotherapeutics targeting the 

hantavirus glycoproteins has been limited. Hantaviruses only contain two surface 

glycoproteins, Gn and Gc, but identification of glycoprotein attachment protein has 

not been reported (68). GnGc surface proteins are highly insoluble oligomerized 

heterodimers that are trafficked to the cis-Golgi where hantaviruses bud. Since 

recombinant GnGc is not trafficked to the plasma membrane, the GnGc domains 

required for interaction with the β3 integrin cannot be defined using a cell binding 

assay (100). Targeted changes in the glycoproteins are prevented by poor expression 

of Gn and Gc, and their ability to form heterodimers and higher order oligomers. One 

potential means to circumvent this problem may be to develop a library of 

overlapping peptides of Gn and Gc surface domains and assay their binding to β3 

integrin PSI domain (residue 17 to 48). Studies have shown that the transfer of 

neutralizing antibodies from either monkeys or rabbits immunized with an ANDV M 

(pWRG/AND-M DNA vaccine) protects Syrian hamsters from fatal HPS disease up 

to five days after ANDV infection (19, 43). These neutralizing antibodies may also 

target specific GnGc peptides and thereby point to potential peptides that elicit 

neutralizing antibody responses.  

 

Residue 33 in β3 Integrin PSI Domain Determines ANDV Recognition.  

The species specific use of β3 integrin PSI domains permitted us to further 

analyze critical residues within the PSI domain required for ANDV recognition. A 

comparison of species specific β3 subunit PSI domains shows that murine and bovine 
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β3 sequences either lack a proline residues (murine β3 integrin)  or contain 2 adjacent 

prolines (bovine β3 integrin) at positions 32 and 33. Mutagenesis demonstrated that 

ANDV recognition of human β3 integrins is abolished by substituting leucine for 

proline at position 33 of the human β3 subunit (L33P). Similarly substituting serine 

for a proline (S32P) in the murine β3 PSI domain permitted the PSI domain to 

function as an inhibitor of ANDV infection. Conversely, when proline 33 of the 

bovine β3 subunit was replaced by leucine (P33L), the mutant bovine β3 subunit also 

conferred cell susceptibility to ANDV infection.  These findings indicate that ANDV 

specificity for β3 integrins is directed by residues 32 and 33. This differs from 

recognition sequences of NY-1V and HTNV which appear to be dependent on 

residues at position 39 and unaltered by residue 32 or 33 substitutions. Previous 

studies have shown that NY-1V and HTNV required an aspartic acid at position 39 in 

human β3 integrin, changing this residue into its murine homologue, an asparagine, 

abolished NY-1V and HTNV infection of recombinant CHO cells (86). As a result, 

ANDV recognition of β3 integrin PSI domains appears to be discrete from other 

hantavirus binding requirements. However, it is unclear whether β3 integrin 

interactions or other changes in these viruses are responsible for the unique ability of 

ANDV to cause disease in Syrian hamsters. NY-1V is clearly restricted in BHK-21 

Syrian hamster cells (Figure 3) and data presented here suggests that this difference 

may be due to species specific β3 integrin residues. 

The L33P substitution is a naturally occurring β3 integrin polymorphism which 

differentiates Human Platelet Antigen 1a (HPA-1a) from HPA-1b. Individuals 
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positive for HPA-1b allele, heterozygous or homozygous, do not suffer from any 

obvious health problems, although the polymorphism does modify the function of 

cells expressing the Pro33 positive β3 integrin (115, 119, 120). Studies have shown 

people with the HPA-1b allele have shorter bleeding times and enhanced thrombin 

generation (119).  HPA-1b positive individuals are also at increased risk for 

myocardial infarction, especially when younger or after revascularization procedures 

(65). In vitro studies using platelets expressing αIIbβ3 integrin show increased 

aggregation, α granule secretion and adhesion (65, 119). In addition, cells expressing 

Pro33 αvβ3 integrin show an enhanced migratory response to vitronectin (119). A 

possible explanation for these functional differences may be due to a structural 

change caused by the Leu33Pro substitution.  

The PSI domain crystal structure indicates that L33 is located in a flexible 

loop of the β3 subunit, and a proline substitution likely has a profound influence on 

the structure of the β3 integrin PSI domain (129). The PSI domain plays a role in the 

conformational switch between an extended and bent integrin and is referred to as the 

“genu” of the integrin (105). A PSI domain containing proline might be more rigid, 

which could favor extension of the integrin and keeps the integrin in the active 

extended form. Such changes would favor ligand binding and outside-in signaling 

leading to enhance platelet aggregation, cells adhesion, cell spreading and migration 

(119). Keeping the β3 integrin in a more activated and thus extended state would also 

explain why ANDV does not recognize β3 integrin with a double proline (position 32 

and 33). In this case, the PSI domain may not be accessible for ANDV binding. 
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However, polypeptides expressing bovine β3 integrin PSI domains as well as human 

PSI domain mutants containing L33P substitutions are also unable to inhibit ANDV 

infection and demonstrate that the L33P change by itself determines ANDV 

recognition.  

Interestingly, the L33P substitution is also sufficient to direct autoimmune 

responses to β3 integrins from blood containing a different HPA type and this immune 

response to β3 results in two auto-immune diseases, Fetomaternal Allo-immune 

Thrombocytopenia (FMAIT) and Post Transfusion Purpura (PTP) (49, 51).  FMAIT 

and PTP patients display vascular permeability and acute thrombocytopenia similar to 

symptoms of hantavirus infected HFRS and HPS patients hantavirus (47, 49). In fact, 

it is possible that hantavirus interactions with inactive β3 integrins could result in 

antibody responses against platelet β3 integrin receptors or hantavirus-β3 integrin 

complexes and similar to drug-induced thrombocytopenia, contribute to 

thrombocytopenia and permeability deficits within hantavirus patients. ANDV 

infection of endothelial cells is blocked by the presence of a proline at residue 33 of 

the β3 integrin subunit. This suggests that the L33P polymorphism could be a 

determinant of patient susceptibility to pathogenic hantaviruses. Our results permit us 

to hypothesize that individuals homozygous for HPA-1a (L33) could be more 

susceptible to ANDV infection and disease than individuals homozygous for HPA-1b 

(P33). One study has indicated that a polymorphism in the HPA-3b allele (I843S) of 

αIIbβ3 integrins results in more severe clinical HFRS disease (63). Although, the 

findings did not address a significant difference in HFRS disease severity in HPA-1 
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genotype distributions. Only 1% of Asian patients are homozygous for the HPA-1b 

allele and thus the study could not determine whether HPA-1b reduced hantavirus 

disease (103). Further information on the role of HPA-1 polymorphisms in hantavirus 

infection have not been defined but since only 1-15% of specific populations are 

homozygous for HPA-1b, testing will require a large number of hantavirus patients. 

Similar experiments to test this hypothesis could also be accomplished by comparing 

ANDV infection of endothelial cells derived from HPA-1a and HPA-1b patients. 

 

Hantavirus Pathogenesis   

There is no patient data indicating that β3 integrins are the cause of vascular 

permeability in hantavirus diseases. However, β3 integrins on platelets and endothelial 

cells have primary roles in regulating vascular integrity and pathogenic hantaviruses 

clearly alter the permeability of infected endothelial cells in a manner consistent with 

the effects of β3 integrin dysregulation (16, 26-29, 68, 86, 88, 89).  Pathogenic 

hantaviruses selectively inhibit β3 integrin directed migration and enhance endothelial 

cell permeability in response to VEGF. Hantavirus regulation of endothelial cell 

integrin functions is not the result of virus adsorption, since low MOIs (0.1-1) are 

applied to cells and neither endothelial cell migration nor endothelial cell 

permeability are altered at early times after infection (27, 28, 86). Inhibited migration 

and enhanced permeability of endothelial cells is only observed days after infection 

when hantaviruses reportedly coat the surface of infected endothelial cells (27, 28, 

34). In fact pathogenic hantaviruses may remain cell associated through hantavirus-β3 
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interactions on the surface of endothelial cells, and thus contribute to β3 dysfunction 

and enhanced endothelial cell permeability days after viral emergence.  

Thrombocytopenia is another hallmark of patients infected by pathogenic 

hantaviruses (18, 94, 131). However, neither the role of platelets in hantavirus disease 

nor the mechanism of hantavirus induced thrombocytopenia has been defined. 

Cosgriff et al. demonstrated that platelets from HFRS patients are defective in platelet 

function (aggregation and granule release) and that this defect was not the result of a 

soluble circulating factor. This implies that thrombocytopenia in HFRS patients 

results from a block in platelet activation, rather than from excessive platelet 

activation (17). This platelet defect following hantavirus infection, together with an 

understanding of hantavirus binding to inactive β3 integrins, suggests that 

hantaviruses may bind inactive αIIbβ3 integrin conformers and prevent platelet 

activation. Since hantaviruses are largely cell associated at late times after infection 

(34) this also suggests that cell surface displayed hantaviruses could potentially 

recruit quiescent platelets to the endothelial cell surface and simultaneously prevent 

platelet activation, reduce the level of activated platelets and mask the presence of 

hantavirus infected cells. 

Our findings do not exclude additional immunologic mechanisms which may 

contribute to hantavirus pathogenesis and vascular permeability (38, 53, 54, 62, 72, 

104, 108, 109). Immune complex deposition clearly contributes to HFRS patient 

disease and the development of renal sequelae. According to Cosgriff, hantavirus 

infection in HFRS patients leads to formation of immune complexes which may 
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activate platelets. Activated platelets circulate in the bloodstream but remain in the 

circulating platelet pool. These circulating platelets demonstrate impaired aggregation 

and release responses (17). Other immunologic mechanisms include CD8+ cells, 

TNFα and viremia. 

a) CD8+ cells: A higher frequency of CD8+ T-cell responses was stated to cause  

more severe HPS. However, the data demonstrates that there are little or no 

differences in SNV specific T-cell responses in HPS patients with severe or 

moderate disease. In fact, fatal outcome patients had a similar CD8+ T-cell 

response compared to those with moderate disease (54).  Researchers also 

reported that a CD8+ SNV specific T lymphocyte cell line, which recognized and 

lysed human endothelial cells, caused increased permeability (38). However, 

controls are lacking in many of these experiments and the peptide specific 

activation of T-cells was not demonstrated within this report. In fact the 

endothelial cell lysis reported does not reflect patient or in vitro findings where 

the lysis of endothelial cells is not observed  (94). 

b) TNFα: Several studies have evaluated the effect of TNFα in hantavirus 

infected patients and endothelial cells (17, 53, 55, 62, 75, 109). One study 

concludes that elevated TNFα, IL-1 and IL-6 do not correlate with HFRS disease 

as only 5% of HFRS sera had elevated cytokines (55). In another study, elevated 

TNFα was seen in 15 HFRS sera however, these sera also presented a high level 

of TNFRs which bind TNFα and prevent cellular responses to TNFα (62).  

Increased TNFα was observed in the glomeruli of HFRS patients (109), which is 
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also the site where immune complexes are observed (17), however, other studies 

showed that low levels of TNFα are associated with severe HFRS disease and 

linked to decreased hantavirus clearance (70).  In support of reduced pathogenesis 

caused by TNFα induction, a recent report indicates that a 40 fold induction of 

TNFα in alveolar fluid was associated with a 90% reduction in lethal influenza 

virus infection rather than increased pulmonary disease (114). HPS pathogenesis 

has also been associated with high levels of cytokine producing cells in the lung 

tissues of two of six fatal HPS cases (72). However, the four other cases showed a 

low level of TNFα in their lung tissue, and one case actually showed no TNFα 

positive cells (72). Two studies also evaluated TNFα directed permeability of 

endothelial cells. The first paper states that TNFα caused prolonged 

hyperpermeability of HTNV infected endothelial cells yet only one TNFα induced 

permeability finding was presented (< 2 fold increase) (75). The second study 

found no association between TNFα induced permeability and SNV infected 

endothelial cells (53). This study is also consistent with a recent paper stating that 

the N-protein of HTNV regulates TNFα directed cellular responses (108). 

c) Viremia: Hantavirus viremia is associated with increased pathogenesis in  

human and Syrian hamsters (13, 109, 110). Although is unclear what role viremia 

plays in hantavirus pathogenesis, increased viremia provides a means for 

circulating hantaviruses to interact with β3 integrins, on platelets, endothelial cells 

and immune cells throughout the body. Viremia could result in defective platelet 
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aggregation which is already reported for HFRS patients (17) suggesting that the 

platelet dysfunction rather than activation contributes to hantavirus pathogenesis.  

 

Potential Mechanism of Vascular Mechanism in Hantavirus Disease  

The mechanism of hantavirus induced vascular permeability has yet to be defined. 

Our results show that there is clear role for β3 integrin dysfunction in vascular 

permeability deficits which makes hantavirus interaction with β3 integrin subunits 

important for cell disease processes.  Pathogenic hantaviruses enhance endothelial 

cell permeability in response to VEGF (27) suggesting that pathogenic hantaviruses 

disrupt endothelial cell adhesion. Endothelial cell barrier functions are mainly 

provided by adherens junctions, which are composed of the endothelial cell specific 

protein, vascular endothelial (VE)-cadherin (56, 57). Genetic deletion of VE-cadherin 

or mutations decrease VE-cadherin binding and result in increased capillary 

permeability (25). VEGFR2 activation directs VE-cadherin phosphorylation, 

dissociation and internalization and increases endothelial permeability by directing 

the disassembly of adherens junctions (24, 122, 132). αvβ3 integrins interact with the 

vascular endothelial growth factor receptor 2 (VEGFR2) and thus have a primary role 

in regulating vascular permeability (11, 42, 87, 89). Pathogenic hantavirus 

interactions with inactive αvβ3 may disrupt normal β3-VEGFR2 interaction and 

thereby increase permeabilizing responses to VEGF that cause the internalization of 

VE-cadherin and intercellular permeability. A potential model for this mechanism is 

shown in Figure 22. Endothelial cell adherence junctions, which regulate vascular 
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permeability, may be dissociated as a result of pathogenic hantavirus interactions with 

β3 integrins and result in enhanced vascular permeability. As a result, hantavirus 

interactions with inactive αvβ3 provides a means for cell surface associated 

hantaviruses to alter VEGF responses and endothelial cell permeability.  

Thrombocytopenia is another hallmark of patients infected by pathogenic 

hantaviruses (76, 94, 131). However, neither the role of platelets in hantavirus disease 

nor the mechanism of hantavirus induced thrombocytopenia has been defined. 

Thrombocytopenia in HFRS patients results from a block in platelet activation (17) 

and is consistent with hantavirus binding to inactiveαIIbβ3 integrins. This suggest that 

hantaviruses may bind inactive αIIbβ3 integrins on platlets and regulate platelets 

activation. However, this also suggests that platelets are likely to transport 

hantaviruses throughout the vasculature, potentially mask hantaviruses and if 

hantaviruses enter platelets they could even serve as a site for hantavirus replication. 

Since SNV was reported to be largely cell associated at late times after infection (34), 

this also suggests that cell surface displayed hantaviruses could potentially recruit 

quiescent platelets to the endothelial cell surface. Recruited quiescent platelets may 

form a platelet layer which covers the surface of infected endothelial cells (Figure 23) 

and simultaneously prevents platelet activation, reduce the level of activated platelets 

and masks the presence of hantavirus infected cells.  

The role of platelets in carrying hantaviruses throughout the vasculature and 

adhering to the endothelium are of fundamental importance since both are linked to 

the regulation of vascular integrity and platelet deposition could cause localized 
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hypoxia. Hypoxic conditions enhance the stability of a Hypoxia Induced factor 1a 

(HIF-1 α) complex which transcriptionally induces VEGF. In turn, VEGF enhances 

the stability of HIF-1α, further activating hypoxic response and forming a hypoxia-

VEGF autocrine loop (106). This may be especially significant in narrow 

microvascular pulmonary alveolar beds where gas exchanges occur (101). As a result, 

studies of hantavirus interaction with platelets will provide insight into the role of 

platelets in the hantavirus life cycle and contribute to an understanding of why 

hantaviruses cause thrombocytopenia. 
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HANTAVIRUS HOST LOCATION DISEASE 

Hantaan Virus (HTNV) Apodemus agrarius Asia, Far East Russia HFRS 

Dobrava (DOBV) Apodemus agrarius Balkans, Europe HFRS 

  Apodemus flavicollis     

Seoul (SEOV) Rattus norvegicus Worldwide HFRS 

  Rattus rattus     

Puumala (PUUV) Clethrionomys glareolus Europe HFRS 

New York -1 (NY-1V) Peromyscus leucopus Eastern US HPS 

Sin Nombre Virus (SNV) Peromyscus maniculatus 
West and Central US, 
Canada HPS 

Bayou Virus (BAYV) Oryzomys palustris  Southeastern US HPS 
Black Creek Canal Virus 
(BCCV) Sigmodon hispidus Florida (US) HPS 

Andes virus (ANDV) 
Oligoryszomys 
longicaudatus Argentina and Chili HPS 

Oran Virus 
Oligoryszomys 
longicaudatus Northwestern Argentina HPS 

Prospect Hill Virus (PHV) Microtus pennsylvanicus US None 

Tula virus (TULV) Microtus arvalis Europe None 

  
Microtus 
rossiaemeridionalis      

 

Table 1: Hantaviruses, hosts, location and associated disease (modified from 
cdc.gov) 
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Figure 1 Representation of the hantavirus and encoded proteins (127).  
Hantaviruses are spherical enveloped viruses with a tri-segmented negative-sensed 
RNA genome: Small (S) segment encodes the ribonucleocapsid, Medium (M) 
segment encodes viral glycoprotein Gn and Gc expressed at the viral surface and the 
large (L) encodes the RNA dependent RNA polymerase (RdRp).  
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Figure  2 Schematic representation of extended (A) and bent (B) αvβ3 
integrin (Pictures derived from reference 45). The α subunit comprises a β 
propeller at the top, followed by three sandwich modules (thigh and calf domains), a 
transmembrane domain and a short cytoplasmic tail. The β subunit comprises an A 
domain , followed by a β-sandwich hybrid domain  four epidermal growth factor 
(EGF) repeats  and a β tail domain (45). The PSI domain, located at the apex of the 
bent integrin (B), is boxed. 
 

 

PSI domain 



 

 

 

 

 

 

 
F
ce
at
in
 
 
 

 

Figure 3 
ells.  BHK-2
t an MOI of
nfection by i

 

Replicatio
21 cells and 
f 0.5. The n
immunopero

on of AND
VeroE6 cel

number of ha
oxidase stain

79 

DV and NY
lls were iden
antavirus in

ning of the vi

 
 
 
 
 
 
 

Y-1V in V
ntically infec
fected cells 
iral nucleoca

 

VeroE6 cell
cted with AN
was quantit

apsid protein

ls and BHK
NDV and NY
tated 3 days
n. 

K-21 
Y-1V 
s post 



 

 
 
F
co
B
F
p
in
id
qu
le

Figure 4 
ompetitive 

BHK-21 (B)
FFUs of AN

late. Follow
ncubated 24
dentified by
uantitated b
east two sep

 

Ligand-sp
ligands (5-2
) cells for 1

NDV were a
wing viral a
4 hours at 3
y immunop

by microscop
parate experi

pecific In
20 µg/ml) w
1 hour at 4
adsorbed for
dsorption, i
37° C befo
peroxidase 
py as previo
iments and p

80 

nhibition 
were adsorb
4° C prior t
r 1 hour at 
inocula wer
re methano
staining of

ously describ
presented as

of ANDV
bed to Vero
o virus add
37° C to d

re removed 
ol fixation. 
f the viral 
bed (86). Re
s a percent o

V Infectio
E6 (A) and

dition. Appr
duplicate we

and cells w
ANDV infe
nucleocaps

esults were 
of controls. 

 

on. Potent
d Syrian ham
roximately 
ells of a 96

were washed
ected cells 
sid protein 
reproduced
  

tially 
mster 
1000 
-well 

d and 
were 

and 
d in at 



 

 

 

 

 

F
R
2
im
b
5
Im
β
 

 

 

 

 

Figure 5 
Recognize S

1 (lane 3) 
mmunoprec
eads.  10 μl
) and BHK
mmunoprec
3 integrin.  I

Antibodie
Syrian ham

cell lysates
ipitation an
l of the imm
K-21 (lane
ipitated β3 i
P: Immunop

es to hum
ster β3 Inte
s were incu
nd immunoc
munoprecipi
e 6) cell l
integrins an
precipation,

81 

 

man αvβ3 I
egrins.  Ver
ubated with
complexes w
itate and 10 
ysates was
d β3 integrin
, WB: Weste

Integrins a
roE6 (lane 1
h monoclon
were isolate
μg of the V

s loaded o
ns were det
ern blotting

and β3 Int
1), CHO (la
al anti-αvβ3
ed on prote
VeroE6 (lan
n a 7% S
ected using 
. 

 

tegrins do 
ane 2) and B
3 integrin fo
ein A/G aga
ne 4), CHO 
SDS-PAGE 

polyclonal 

not 
BHK-
or β3 
arose 
(lane 

gel. 
anti-



 

 

F
D
4°
v
ad
A
re
 

 

 

Figure 6 
Duplicate we

° C with 0.0
iral adsorpt
dsorbed to 

ANDV infec
eproduced in

ANDV In
ells with Ve
01-1 µg of 
ion. Monola
cells for 1

cted cells w
n at least tw

nfectivity is 
eroE6 cells (

antibodies
ayers were w
 hour at 37

was quantit
wo separate e

82 

Inhibited b
(A) and HU
to indicated
washed with
7° C. Inocu
tated as pre
experiments

by Integrin
UVECs (B) w
d integrins o
h PBS and ~
ula were re
eviously de
s and presen

n-specific An
were pretrea
or integrin s
~1000 FFU

emoved and
scribed (29

nted as a per

 

ntibodies. 
ated for 1 ho
subunits pri

Us of ANDV
d the numb
9). Results 
rcent of cont

our at 
ior to 

V was 
er of 
were 
trols.  



 

 

 

 

 

F
In
co
fo
H
w
w
h
re
tr
 

 

 

 

 

Figure 7 
nfection.  
ontaining re
or 2 hours a

HUVECs (A
were washed
was quantita

antavirus n
eproduced i
reated contro

 

Human 
Increasing 
esidues 1-53
at 4° C with

A) or BHK-2
d with PBS 
ated after 
nucleocapsi
in at least tw
ols.  

β3 Integri
amounts (5
3 of human

h ~1000 FFU
21 cells (B) 
and 1 day p
methanol f

id protein 
wo separate

83 

n PSI Do
5-20 µg) of

(Hu) or mu
Us of ANDV
in 96-well

post-infectio
fixation and

as previo
e experimen

omain Poly
f expressed
urine (Mu)
V. Virus wa
plates for 1
on the numb
d immunop

ously descr
nts and pres

ypeptides 
d and purifi
β3 integrins
as subseque
 hour at 37°
ber of AND
peroxidase 
ribed (86).
ented as a p

Inhibit AN
ied polypep
s were incub
ently adsorb
° C. Monola

DV infected 
staining of
 Results 
percent of m

 

NDV 
ptides 
bated 
ed to 
ayers 
cells 

f the 
were 

mock 



84 
 

 

 

 

 

 

 

 

 

 

Figure 8 Design of Synthetic Peptides β3 13-49 and 17-48 based on 
Conserved Cysteines. Residue 1-53 from human subunits β3 integrin is presented.  
Peptide 1-53 contains 7 cysteine residues but Cys13 forms a long range disulfide 
bond with Cys435.  3 paired cysteine residues, 5-23, 16-38 and 26-49 are present in 
the β3 integrin PSI domain (1-53). Peptide β3 13-49 contains two disulfide bonds, 16-
38 and 26-49, all native intramolecular disulfide bonds are eliminated in β3 17-48 
peptide. Disulfide bonds are indicated by lines. 
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Figure 11 Antibodies to Human β3 Integrin PSI domain Inhibit NY-1 and 
HTNV Infection.  Duplicate wells of VeroE6 cells (A) were pretreated for 1 hour at 
4° C with 0.01-1 µg of pre-immune antibody or rabbit antibodies generated to a 
peptide containing residues 17-48 of the human β3 integrin PSI domain. Subsequently 
cells were washed with PBS and ~1000 FFUs of NY-1V, HTNV and PHV were 
adsorbed to monolayers in duplicate wells of a 96-well plate for 1 hour at 37° C. 
Following viral adsorption, inocula were removed and cells were washed and 
incubated 24 hours at 37° C before methanol fixation. The number of NY-1V, HTNV 
and PHV  infected cells were quantitated by immunoperoxidase staining of the 
hantavirus nucleocapsid protein as previously described (29). Results were 
reproduced in two separate experiments and presented as a percent of untreated 
controls.  
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Figure 12 Antibodies to Human β3 Integrin PSI domain Inhibit ANDV 
Infection.  Duplicate wells of VeroE6 cells (A) or HUVECs (B) were pretreated for 1 
hour at 4° C with 0.01-1 µg of preimmune antibody or rabbit antibodies generated to a 
peptide containing residues 17-48 of the human β3 integrin PSI domain. Subsequently 
cells were washed with PBS and ~1000 FFUs of ANDV were adsorbed to monolayers 
in duplicate wells of a 96-well plate for 1 hour at 37° C. Following viral adsorption, 
inocula were removed and cells were washed and incubated 24 hours at 37° C before 
methanol fixation. The number ANDV infected cells were quantitated by 
immunoperoxidase staining of the hantavirus nucleocapsid protein as previously 
described (29). Results were reproduced in two separate experiments and presented as 
a percent of untreated controls.  
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Figure 17 Residues 32 and 33 in human and Syrian hamster β3 Integrin PSI 
Domains  are discrete from murine and Bovine β3 Integrin PSI Domains  Amino 
acid sequences of residue 1-53 from human, Syrian hamster, murine and bovine β3 
integrin (GenBank accession number: NM_00012 (human), NM_016780 (murine) 
and XM_616376, (bovine)) subunits are comparatively presented. Residue differences 
observed in β3 integrin homologues which differ from human β3 sequences are 
indicated and dashes indicate identical residues. Residue 17 to 48 are delineated by a 
line and residue differences at positions 32 and 33 of β3 integrin homologues are 
boxed. 
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  Events
% 
Gated

% 
Total Mean 

Geo 
Mean Median 

CHO FITC All 10,000 100 99.96 14.09 8.01 7.14 
  M1 8004 80.04 80.01 6.86 5.52 5.52 
  M2 2011 20.11 20.1 42.87 35.5 32.2 
               
CHO Hu αvβ3 All 10,000 100 99.97 29.72 13.35 11.24 
  M1 6490 64.9 64.88 7.67 6.36 6.61 
  M2 3527 35.27 35.26 70.25 52.33 47.83 
               
CHO Huαv 
Boβ3 All 10,000 100 99.91 44.16 22.05 22.88 
  M1 4490 44.9 44.86 8.82 7.26 8.13 
  M2 5534 55.34 55.29 72.72 54.25 49.58 
               
CHO 
HuαvBoβ3P33L All 10,000 100 99.91 36.03 19.3 19.81 
  M1 4898 48.98 48.94 8.85 7.26 8.28 
  M2 5132 51.32 51.27 61.88 49.09 46.56 
               
CHO 
Huαvβ3L33P All 10,000 100 99.94 132.5 47.18 53.28 
  M1 3145 31.45 31.43 8.89 7.52 8.2 
  M2 6866 68.66 68.62 175.83 109.23 110.4 
 
 
 
Table 2 Levels of recombinant β3 integrins expressed on the surface of 
transfected CHO cells.  CHO cells were transfected with equal amounts of human αv 
and either human β3, human mutants, bovine or bovine mutants β3 expression 
plasmids. Two days post-transfection, dissociated cells were incubated with anti- αvβ3 
integrin (LM609) followed by incubation with anti-mouse FITC and cell surface 
expression was analyzed by flow cytometry. M1 and M2 are two distinct populations 
set according to fluorescence (FITC). The numbers reported are the total events 
(stained and unstained) measured, % total (unstained and stained) events, % events 
within the unstained and stained evetns, mean of stained and unstained events (linear 
scale), Geometric mean of stained and unstained events (log scale) and median of 
stained and unstained events.  
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