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Abstract 

Chikungunya virus binds sulfated glycosaminoglycans as attachment factors using 

specific residues in the E2 glycoprotein 

 

Nicole Marie McAllister, PhD 

 

University of Pittsburgh, 2021 

 

 

 

Chikungunya virus (CHIKV) is an arthritogenic alphavirus that causes a debilitating 

musculoskeletal disease. Currently, there are no vaccines or antiviral agents licensed to treat 

CHIKV disease. Studying the host requirements for CHIKV infection, such as cell attachment 

factors, may inform the development of therapeutics. Some CHIKV strains depend on cell-surface 

glycosaminoglycans (GAGs) for efficient infection. However, the specific types of GAGs and 

other glycans to which CHIKV binds is not fully understood. Using glycan microarray analyses 

with virus-like particles, we found that CHIKV preferentially binds GAGs relative to nine other 

glycan groups. Results indicate that sulfate groups on GAGs are essential for CHIKV binding, and 

CHIKV binds to GAGs as a function of chain length. We determined that strains representing all 

three CHIKV clades displayed dependence on GAGs for efficient cell-binding, which varied 

slightly by strain. Enzymatic cleavage of cell-surface GAGs and genetic alterations that diminish 

GAG expression result in diminished binding and infectivity. Additionally, alanine mutagenesis 

of the viral attachment protein, E2, enabled the identification of eight E2 residues required for 

GAG binding, three of which that are required for Mxra8 entry receptor binding. Future work will 

use these low GAG-binding mutant viruses to test the importance of GAG-binding in a mouse 

model of CHIKV infection. Collectively, these studies provide evidence for a critical function of 

GAGs in CHIKV infection, begin to define the GAG-binding region on the virus, and contribute 

new knowledge about the engagement of host cells by CHIKV.  
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1.0 Introduction 

1.1 Thesis Overview 

To initiate infection, viruses interact with a variety of cell-surface molecules, including 

proteins, carbohydrates, and lipids (1, 2). Binding to abundantly expressed cell-surface molecules, 

which are sometimes called attachment factors, concentrates viral particles at the plasma 

membrane, which enhances the probability of engagement with an entry receptor (2). The 

interaction between a virus and an attachment factor is usually of low-affinity (2). In contrast, 

interactions with entry receptors are usually of high-affinity and often trigger conformational 

changes in viral surface proteins that promote viral entry (2). Expression of attachment factors and 

entry receptors is often a determinant of viral tropism and can influence disease (3), making it 

important to identify these host factors and characterize their function in viral replication. When 

multiple attachment factors or entry receptors are used by a virus, defining the function of each 

during viral infection can be complex. Overall, the molecular mechanisms by which viruses bind 

to host cells and how such virus-receptor interactions influence tropism and disease are still not 

completely understood, especially for emerging viruses. 

Mosquito-transmitted alphaviruses are a global health threat that periodically reemerge to 

cause epidemics of disease in many parts of the world (4). Alphavirus introductions into naïve 

populations have resulted in large epidemics, such as the chikungunya virus (CHIKV) epidemics 

that began in 2004 and 2013, which collectively resulted in more than 8.5 million cases and the 

spread of the virus into new geographic regions, including the Western Hemisphere (5–11). 

CHIKV causes disease in approximately 80% of those infected (12, 13). CHIKV disease is usually 
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self-limited and rarely fatal, but infection can cause acute and chronic disabilities that impair 

quality of life (14). Up to 60% of infected individuals experience debilitating arthralgia and 

arthritis that persist for months to years after infection (15, 16). Additionally, large CHIKV 

epidemics have severe social and economic consequences (17). Despite the severity of CHIKV 

disease, there are no licensed antivirals or vaccines for treatment or prevention. Since attachment 

factors and receptors are determinants of viral tropism and pathogenesis, understanding these 

virus-host interactions can enhance knowledge of CHIKV infection and facilitate the development 

of antiviral therapeutics targeting the CHIKV attachment step. 

In Chapter 1, I review CHIKV epidemiology, replication, tropism and pathogenesis, and 

our current knowledge about the attachment factors and entry receptors bound by CHIKV. In 

Chapter 2, I describe the identification of specific glycosaminoglycans (GAGs) to which multiple 

CHIKV strains bind as well as the requirement of CHIKV-GAG interactions for binding to and 

infection of cells. In Chapter 3, I report structural and genetic analyses of the CHIKV E2 

glycoprotein to define the residues required for GAG binding. Finally, in Chapter 4, I summarize 

my thesis studies and discuss ideas for the future continuation of this work. Collectively, research 

described in this dissertation answers critical questions about the cell-surface interactions that 

occur when CHIKV encounters a cell. This research identified specific GAG attachment factors 

to which CHIKV binds and the viral protein residues that are required for CHIKV-GAG 

interactions. 
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1.2 Alphaviruses 

The alphavirus genus, consisting of 31 species, is one of two genera in the Togaviridae 

family (18). Members of the genus have historically been organized into two groups based on the 

regions where the viruses were isolated and the type of disease caused, known as Old World and 

New World. However, geographical nomenclature has become outdated as the global distribution 

of alphaviruses has expanded. Old World alphaviruses cause arthritogenic disease and include 

chikungunya (CHIKV), Mayaro (MAYV), O’nyong-nyong, Ross River, and Sindbis viruses. In 

contrast, New World alphaviruses cause encephalitis and include eastern equine encephalitis virus 

(EEEV), Venezuelan equine encephalitis virus (VEEV), and western equine encephalitis virus 

(19). Alphavirus transmission typically occurs between arthropod vectors, such as mosquitoes, 

ticks, lice, and cliff swallow bugs (20, 21), and vertebrate hosts, including humans. Unlike other 

alphaviruses, CHIKV titers in the serum of infected humans can be sufficiently high to allow 

human-mosquito-human transmission, which is not achieved by other alphaviruses (22) (Figure 

1). The serious diseases caused by alphaviruses and their continued emergence and geographical 

spread underlines the importance of studying these viruses.  
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Figure 1. Alphavirus transmission cycles. 

Alphaviruses are transmitted by a mosquito vector in either an urban or enzootic cycle. CHIKV, unlike other 

alphaviruses, can be transmitted in an urban cycle between mosquito and human hosts. CHIKV and other alphaviruses, 

such as EEEV, MAYV, and VEEV, are transmitted in enzootic cycles between mosquito and animal hosts with 

occasional spillover into human populations. Figure adapted with permission from (23). 

1.3 Chikungunya virology 

CHIKV was first isolated in Tanzania in 1953 (24). Although circulating in enzootic cycles 

throughout Africa, the virus occasionally spilled over into human populations, causing outbreaks 

that were frequently mistaken for dengue virus infections. Symptoms elicited by CHIKV and 

dengue virus infections are similar, often leading to misdiagnoses even today (25). The name 

chikungunya is derived from the Kimakonde language, translating to “that which bends up,” 

referring to the clinical manifestations observed in the joints that are associated with CHIKV 

infection (26).  



 5 

Virions of CHIKV, which are structurally similar to other alphaviruses, are composed of 

an icosahedral glycoprotein layer embedded in a lipid envelope and an icosahedral core, 

surrounding the positive-sense, single-stranded RNA genome (27, 28) (Figure 2). The RNA 

genome is approximately 12 kb and resembles a host messenger RNA with a 5’ 7-methylguanosine 

cap and a 3’ poly-A tail (28). The genome contains two open reading frames (ORFs) flanked by 

5’- and 3’-terminal non-coding regions. The first ORF encodes non-structural proteins, which 

function in viral RNA replication, while the second ORF encodes structural proteins (29, 30). 

Together, both ORFs encode a total of 10 proteins (Table 1). 

 

 

 

Figure 2. CHIKV genome and virion structure. 

(A) Diagram of the CHIKV genome (nonstructural genes, green; structural genes, blue). (B) Structure of the CHIKV 

virion determined by cryo-electron microscopy (virion surface, left; virion cross section, right). Figure adapted with 

permission (31).  
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Table 1. Chikungunya virus proteins. 

Protein Size (aa) Function 

Nonstructural protein cassette 

nsP1 535 

Methyltransferase and guanylyltransferase activity that 

caps viral RNA; sole membrane anchor for replicase 

complex 

nsP2 798 

N-terminal NTPase, helicase, and RNA triphosphatase 

activities; C-terminal cysteine protease activity 

responsible for processing of nonstructural polyprotein 

nsP3 530 

Phosphoprotein important for minus-strand synthesis; 

contains macro domain and SH3-binding regions; 

unknown functions likely mediated through host 

protein interactions 

nsP4 611 
RNA-dependent RNA polymerase (RdRp); putative 

terminal transferase activity 

Structural protein cassette 

Capsid 261 
Encapsidates genomic RNA to form nucleocapsid core; 

carboxyl domain is an autocatalytic serine protease 

E3 64 
N-terminal domain is uncleaved leader peptide of E2; 

may help shield fusion peptide in E1 during egress 

E2 423 

Mediates binding to receptors and attachment factors 

on the cell membrane; major target of neutralizing 

antibodies 

6K 61 
Leader peptide for E1; putative ion channel; may 

enhance particle release 

TF 76 

Transframe protein resulting from ribosomal 

frameshifting; shares N-terminus with 6K; putative ion 

channel; may enhance particle release; expression 

prevents synthesis of E1 

E1 439 
Type II fusion protein; mediates fusion of viral 

envelope and cellular membrane via fusion peptide 

Table adapted with permission from (11).  
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1.4 CHIKV Disease and Treatment 

CHIKV is the causative agent of an acute arthritogenic disease called chikungunya fever 

(CHIKF), which can develop into a chronic disease in some persons. Symptoms of acute disease 

in humans develop after an incubation period of about two to six days and include fever, rash, 

nausea, myalgia, and severe, often debilitating polyarthralgia and polyarthritis (Figure 3). 

Typically these symptoms resolve after seven to ten days (5, 11, 32). Approximately 87%-98% of 

infected individuals experience polyarthralgia, the most characteristic symptom of CHIKF. 

Polyarthralgia reported during acute illness usually occurs in small, peripheral joints. Other 

symptoms are experienced less often (5). Asymptomatic infections also have been observed with 

reported case rates between 3.8% to 27.7% (33, 34).  

Interestingly, up to 60% of infected individuals develop chronic illness, experiencing 

debilitating arthralgia and arthritis that persists for months to years after infection (15, 16). Risk 

factors for developing chronic disease include age, preexisting joint disease, and the severity of 

symptoms experienced during acute illness (35, 36). During chronic stages of disease most infected 

individuals develop musculoskeletal disorders. However, about 5% of chronic cases include 

destructive and deforming inflammatory rheumatism (37). 
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Figure 3. Timeline of CHIKV disease. 

After an incubation period of 2-6 days, infected individuals experience fever, myalgia, polyarthralgia, polyarthritis, 

and rash. The typical duration of each symptom and the average percentage of patients that experience each symptom 

is shown. Figure adapted with permission (38). 

 

 

In addition to common acute and chronic disease manifestations, atypical CHIKV disease 

manifestations have been observed less frequently. Neurological complications, such as seizures, 

encephalopathy, encephalitis, and Guillain-Barre syndrome, as well as conjunctivitis, myocarditis, 

pneumonia, nephritis, hepatitis, and pancreatitis have been reported. The development of atypical 

manifestations is most prevalent in neonates, the elderly, and those with comorbidities (5, 39–42).  

Despite the severity of CHIKV disease, there are no licensed antivirals or vaccines to treat 

or prevent infection. However, supportive therapy can be used to relieve symptoms. Treatment 

with non-steroidal anti-inflammatory drugs (NSAIDs), disease-modifying anti-rheumatic drugs 

(DMARDs), anti-tumor necrosis factor-alpha antibodies, muscle relaxant drugs, and acupuncture 

have been recommended (43, 44). Although there is a lack of FDA-licensed drugs for CHIKV 

disease, putative CHIKV antivirals that target various stages in the viral lifecycle have been 

identified using chemical libraries and target-based approaches, but no drugs have advanced to 

clinical trials (45–51). Some medications have been repurposed in an attempt to treat CHIKV 
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infection, including favipiravir, ribavirin, and suramin (52–54). However, only ribavirin resulted 

in positive outcomes in human subjects, although the sample size studied was small (55). Antibody 

responses are critical for the control and clearance of CHIKV (56–59), suggesting the potential 

efficacy of antibody therapy. Neutralizing monoclonal antibodies protect immunodeficient mice 

from CHIKV challenge (59–62) and mediate rapid viral clearance and diminished joint swelling 

in CHIKV-infected non-human primates (63).  

The development of CHIKV vaccines also is underway. The first CHIKV vaccine 

candidate was a live-attenuated virus, 181/25, which was developed by the United States Army 

Medical Institute of Infectious Disease (USAMRIID) in 1985. 181/25 was isolated after cell 

culture passage of a Thailand strain, AF15561, 11 times in green monkey kidney (GMK) cells (64) 

and 18 times in MRC-5 human fetal lung fibroblast cells (65). Cell-culture adaptation of 181/25 

led to mutations in the E2 attachment protein, one of which (G82R) is linked to increased binding 

efficiency to heparin, a glycosaminoglycan (66, 67), and attenuated virulence in mice and humans 

(67–69). Protective immune responses were elicited by 181/25 in mice as well as humans in Phase 

II clinical trials. However, transient arthralgia experienced by a small cohort of vaccinated 

individuals (~8%) led to the halt of 181/25 development as a CHIKV vaccine in 2000 (65, 69). 

Currently, live-attenuated virus and virus-like particle (VLP)-based vaccines have shown 

promising results in clinical studies (70). CHIKV/IRES is a live-attenuated vaccine that contains 

an internal ribosomal entry site (IRES) in place of the subgenomic promoter, leading to decreased 

expression of viral structural proteins and overall attenuation in mammalian cells. The 

CHIKV/IRES vaccine in mice and non-human primates is safe and highly immunogenic (71, 72). 

VLP vaccines also have been promising thus far. One CHIKV VLP vaccine candidate expresses 

the structural proteins of a West African CHIKV strain, 37997. This vaccine was found safe and 
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highly immunogenic in mice, non-human primates, and humans. Phase II clinical trials were 

recently completed, and Phase III clinical trials are planned to further investigate this vaccine (73–

75). Other CHIKV vaccine candidates have been developed and are at various stages of preclinical 

and clinical evaluation (11, 76). 

1.5 Epidemiology and evolution 

Phylogenetic analyses suggest that CHIKV originated in Africa over 500 years ago (77). 

Endemic in sub-Saharan Africa and Southeast Asia, CHIKV has historically been maintained in 

an enzootic transmission cycle, spreading mostly between Aedes species of mosquitoes and 

nonhuman primates (24, 78, 79). Outbreaks of CHIKV disease in humans occur through the 

introduction of the virus into more populated areas (78), leading to an urban transmission cycle 

between mosquitoes and humans (80). In Africa, CHIKV diverged into two main clades, known 

as West African (WA) and East/Central/South African (ECSA) (22) (Figure 4). CHIKV strains in 

the West African clade have been responsible for most of the enzootic transmissions and human 

outbreaks throughout western Africa (6). The ECSA clade eventually emerged in Thailand (81), 

circulating in an urban transmission cycle and diverging into a new distinct Asian clade (6, 82) 

(Figure 4). 
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Figure 4. Phylogenetic tree analysis of CHIKV strains. 

Viruses from the Togaviradae family were analyzed using their complete coding regions available on GenBank. 

Maximum Likelihood and General Time Reversible model was used to infer evolutionary history, and analyses were 
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completed in MEGA X. The three main CHIKV clades are color coded (ECSA, red; Asian, green; WA, blue). 

Indicated next to each branch is the percentage of trees in which the associated taxa are clustered together. The length 

of each tree branch is measured in the number of substitutions per site. Figure adapted with permission from (83). 

 

 

Since the identification of CHIKV in 1953, sporadic epidemics of CHIKV occurred mainly 

in countries in Asia and sub-Saharan Africa (82) (Figure 5). However, recent outbreaks of the virus 

in the early 2000’s led to the geographical expansion of CHIKV into Europe and the Western 

Hemisphere (Figure 5). In late 2004, an outbreak that began in Kenya led to over six million 

estimated cases of CHIKV infection and autochthonous spread (local transmission) of the virus to 

Indian Ocean islands, India, Southeast Asia (5–7, 84), and Europe (9, 85, 86). During this 

epidemic, a sub-group of the ECSA clade, known as the Indian Ocean lineage (IOL) evolved in 

the Indian Ocean islands and Southeast Asia (77). Some strains within this sub-group acquired an 

adaptive mutation in the E1 glycoprotein (A226V), which increased viral fitness in Aedes 

albopictus mosquitoes, one of two mosquito species primarily responsible for CHIKV 

transmission (87). Importantly, the adaptive A226V mutation requires epistatic interaction in the 

E1 (98A) and E2 (211T) glycoproteins, which are not observed in the Asian clade, limiting the 

capacity of these strains to be transmitted by Aedes albopictus mosquitoes (88). The enhanced 

vector competence in Aedes albopictus was a notable adaptation because of the broad geographical 

range of Aedes albopictus mosquitoes compared to Aedes aegypti, increasing the capacity for 

CHIKV to spread into naïve populations (87). 

The most recent CHIKV outbreak began in December 2013 and led to the first cases of 

autochthonous spread in the Western Hemisphere (Figure 5). CHIKV was identified in French St. 

Martin, an island in the Caribbean, and continued to emerge throughout Central, South, and North 
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America (89, 90). Viral spread in Brazil was attributed to strains of the ECSA clade. However, 

most cases throughout the 2013 epidemic were attributed to strains of the Asian clade, which 

limited vector transmission to only Aedes aegypti mosquitoes. In the height of the epidemic 

between December 2013 and December 2017, over 2.5 million cases were identified in almost 50 

different countries (90). Additionally, the epidemic led to severe social and economic 

consequences (17). Overall, these epidemics in the 21st century demonstrated that the emergence 

of CHIKV into naïve populations can result in large, devastating epidemics, and the possibility of 

such outbreaks is amplified with increases in human travel, geographical range and presence of 

vectors due to climate change (91), and adaptations in vector transmission (87). 
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Figure 5. CHIKV and mosquito vector global distribution. 

Autochthonous cases (locally transmitted between mosquito and human hosts) of CHIKV are indicated by the 

symbols, which are color coded by CHIKV clade (WA, purple; Asian, green; ECSA, blue) and date (prior to 2005, 

darker hue; after 2005, lighter hue). Shaded regions represent the geographical range of each mosquito vector (Aedes 

aegypti, red; Aedes albopictus, yellow; both, orange). Figure adapted with permission (11). 

1.6 CHIKV replication cycle 

The replication cycle of CHIKV in mammalian cells (Figure 6) is comparable to that of 

other alphaviruses. However, there are key differences that are still being investigated, such as 

attachment factor and receptor binding, host factor interactions and requirements, and the location 

of spherule and cytopathic vesicle (CPV) formation. CHIKV cell attachment and entry are 

mediated by the E1 and E2 glycoproteins, which form a heterodimer. Three E1/E2 heterodimers 

complex together, creating a trimeric spike. The virion surface is studded with 80 of these spikes 

that form the icosahedral shape of CHIKV (27). The E2 glycoprotein functions as the attachment 
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protein, interacting with host molecules to adhere the virion to the cell surface (92, 93). A variety 

of cell-surface molecules may act as attachment factors for CHIKV, including lectin DC-SIGN, 

prohibitin 1 (PHB1), and T-cell immunoglobin and mucin 1 (TIM-1) (94–98). Additionally, work 

from our laboratory, as well as this research, indicate that glycosaminoglycans (GAGs) are 

attachment factors (66, 67, 99, 100). The engagement of attachment factors provides low-affinity 

interactions between virions and the cell surface, allowing the virus to concentrate at the plasma 

membrane before binding to a high-affinity receptor that triggers viral entry into the cell (2, 101). 

Matrix remodeling associated 8 protein (Mxra8) is an entry receptor for CHIKV and other 

arthritogenic alphaviruses (102). However, absence of Mxra8 expression in several cell types does 

not completely abrogate CHIKV infection (102), suggesting that CHIKV can use other entry 

receptors that are yet to be identified 

After attaching to host cells, CHIKV is internalized by clathrin-mediated endocytosis (92, 

103, 104). Within endosomes, acidification triggers conformational changes in the E1 

glycoprotein, exposing the E1 fusion loop and leading to the insertion of the fusion loop into the 

endosomal membrane. The nucleocapsid is released into the cytoplasm where it can disassemble 

and release the viral RNA (93). Since the viral RNA is structurally similar to a cellular messenger 

RNA (mRNA) with a 5’ cap and 3’ poly-A tail, it can be translated to produce the nonstructural 

replicase polyprotein, P1234. Alternatively, strains with an opal stop after the nsP3 gene can 

produce two possible polyproteins (P123 or P1234) (105). The P123 polyprotein and nsP4 function 

together to transcribe the negative-sense genome (106, 107). Negative-strand synthesis is housed 

in vesicular structures that form at the plasma membrane, termed spherules. The dsRNA 

intermediates of genome replication are enclosed inside spherules, protecting them from host 

sensing and responses, and the nsPs are localized at the neck of the vesicle. Spherules are 
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eventually internalized and form a large CPV, termed CPV-I (30, 108, 109). The nonstructural 

polyprotein is post-translationally cleaved into individual proteins (nsP1-4) by the proteolytic 

action of nsP2 (110). At this point, negative-sense genome synthesis halts, and positive-sense 

genome synthesis is initiated. This switch is important because positive-sense synthesis is required 

to produce copies of genomic RNA that will be packaged into progeny virions and for the 

transcription of the subgenomic RNA that encodes the structural proteins (106, 107). Following 

translation of the structural polyprotein, it transits the host secretory pathway, during which the 

polyprotein is cleaved into individual proteins (capsid, E3, E2, 6K, and E1) by various host and 

viral proteases (111–116). Capsid is the first to be cleaved from the structural polyprotein by 

autoproteolysis, which allows the capsid protein to interact with newly synthesized genomes, 

forming intact nucleocapsids (28). 6K is a viral accessory proteins that is not a component of 

virions but instead may function as an ion channel (117). The envelope glycoproteins (E1, E2, and 

E3) are extensively processed in the secretory pathway, undergoing conformational changes, 

palmitoylation, N-linked glycosylation, and furin-mediated release of E3 to form mature E1/E2 

heterodimers at the plasma membrane (115, 116). Late in infection, a second CPV is formed, 

termed CPV-II, which contains helical arrays of E1 and E2 glycoproteins along with nucleocapsids 

(118–120). CPV-IIs are thought to be intermediate structures that promote assembly of progeny 

virus particles (120). Ultimately, when intact nucleocapsids enclosing one molecule of the RNA 

genome are recruited to membrane-associated E1 and E2 glycoproteins, virion particles are 

assembled and bud from the cell (30). 
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Figure 6. CHIKV replication cycle. 

During infection of mammalian cells, (i) CHIKV virions attach to the cell surface by binding to GAG attachment 

factors and proteinaceous entry receptors like Mxra8. (ii) After entry receptor binding, virions are internalized into 

the cell using clathrin-mediated endocytosis. Acidification of endosomes causes conformational changes in the E1 

glycoprotein. (iii) The viral membrane then fuses with the endosomal membrane and (iv) allows release of the 

nucleocapsid and viral genome, which is directly translated by the host cell to produce nsPs. (v) Spherules are formed 

at the plasma membrane with nsPs at the base of these formations. RNA is replicated, and subgenomic transcription 

occurs. (vi) Spherules are internalized to form CPV-Is. (vii) The mRNA encoding the structural proteins is translated, 

and the structural polyprotein undergoes post-translational cleavage. Capsid is autoproteolytically cleaved. The 
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structural polyprotein intermediate is further processed through the ER-Golgi secretory pathway, leading to the 

translocation of E1/E2 glycoprotein dimers associating with the cell surface. (viii) The capsid protein interacts with 

genomic viral RNA to form the nucleocapsid, (ix) which is translocated to the plasma membrane to interact with the 

E1/E2 glycoprotein dimers on the cell surface. Progeny virus is formed and egresses via budding. (x) CPV-II structures 

form later in infection, (xi) promoting the formation and eventual egress of more progeny virus. Figure adapted with 

permission (11). 

1.7 CHIKV tropism 

CHIKV is capable of broad species, tissue, and cell tropism. There is some evidence that 

CHIKV infects a variety of mammalian and avian species in nature (121–123). However, CHIKV 

primarily appears to circulate in mosquitoes, nonhuman primates, and humans (78). While CHIKV 

infection in cell culture is well characterized, less is understood about CHIKV tropism in mosquito 

and human hosts. Most of the work defining CHIKV tropism has used a variety of animal models, 

including insect, murine, and nonhuman primate models. 

CHIKV infection has been studied in various mosquito cells (66, 67, 124, 125). 

Additionally, CHIKV infection has been investigated in whole mosquitoes including Aedes 

aegypti and Aedes albopictus (126–131) as well as Drosophila (132). Virus is ingested by a 

mosquito through a bloodmeal. CHIKV infects the epithelial cells of the midgut where it replicates 

and disseminates to sites of secondary infection (133, 134). CHIKV has been detected in the 

salivary glands, fat bodies, ovaries, legs, and wings (135–137) (Figure 7). Importantly, replication 

and maintenance of CHIKV in salivary glands is required for transmission of the virus to vertebrate 

hosts during a bloodmeal (134, 138). 
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Figure 7. CHIKV tropism in the mosquito vector. 

CHIKV is ingested by a mosquito during a bloodmeal. The virus infects the midgut where it replicates and then 

disseminates to sites of secondary infection, including the ovaries, legs, wings, and salivary glands. The virus must 

access the salivary glands for transmission from mosquito to vertebrate host. Figure created using BioRender. 

 

 

Mammalian models of CHIKV disease include immunocompetent and immunodeficient 

mice (139) as well as nonhuman primates (140). Following the bite of an infected mosquito, virus 

enters the skin or bloodstream where primary CHIKV replication can occur in fibroblasts, 

keratinocytes, macrophages, and endothelial cells (Figure 8). Dermal fibroblasts are susceptible to 

CHIKV in cell culture and in mice (92, 141, 142). There is conflicting evidence about CHIKV 

infection in human keratinocyte cells in vitro (102, 143, 144). However, studies using mice suggest 

that CHIKV can infect keratinocytes in the absence of interferon regulatory factors 3 and 7 (145). 

Human macrophages in cell culture are susceptible to CHIKV (146), and viral persistence in 

macrophages has been observed in nonhuman primates (147). CHIKV can infect primary human 

endothelial cells, but there is variability in viral susceptibility among endothelial cell lines (92). 
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CHIKV can spread to sites of secondary infection through the lymphatic system (56, 148, 

149). Replication in these peripheral tissues leads to an enormous increase in the viral load 

observed in the serum, which can exceed 109 particles/ml (150). CHIKV disseminates in mice to 

muscle, joints, and tendons (56, 142, 148, 149). More specifically, CHIKV infection has been 

observed in synovial fibroblasts and macrophages of the joints (56, 151, 152), chondrocytes and 

osteoblasts of cartilage and bone (102, 145, 153), and myofibers, satellite cells, and muscle 

fibroblasts of skeletal muscle (142, 154) (Figure 8).  

In addition to the musculoskeletal system, CHIKV disseminates to other peripheral tissues, 

albeit less frequently and with lower viral loads. CHIKV has been detected in the spleen, liver, and 

heart of mice and nonhuman primates (56, 129, 140, 148) (Figure 8). Cell types of the central 

nervous system, such as glial cells, neuroblastoma cells, and microglial cells, are susceptible to 

CHIKV infection in vitro (155–158). In CHIKV-infected neonatal mice, virus is observed in 

neurons, astrocytes, ependymal cells, and oligodendrocytes (56, 159). CHIKV also has been 

detected in cells within ocular tissues of infected individuals (Figure 8), including keratocytes, 

fibroblasts of the sclera, and smooth muscle cells of the ciliary body (160). Overall, the many cells 

and tissues that support CHIKV infection in vitro and in vivo showcase the broad tropism of the 

virus in mosquito and mammalian hosts.  
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Figure 8. CHIKV tropism in a mammalian host. 

When CHIKV enters the body through the bite of an infected mosquito, virus infects and replicates in keratinocytes 

(peach), dermal fibroblasts (purple), macrophages (light blue), and endothelial cells (red) lining the blood vessels. 

CHIKV can disseminate to sites of secondary infection, including the brain, eyes, heart, liver, spleen, and 

musculoskeletal tissues. CHIKV infects synovial fibroblasts (green) and macrophages (light blue) of the joints, 

chondrocytes (light grey) and osteoblasts (dark grey) of cartilage and bone, and myofibers, satellite cells, and 

fibroblasts of the skeletal muscle (ns – not shown). Figure created using BioRender. 
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1.8 CHIKV pathogenesis 

The pathogenesis of CHIKV disease and the immune responses elicited by CHIKV are 

challenging to study in humans. Therefore, much of our knowledge about CHIKV pathobiology is 

based on animal models of disease, including immunocompetent and immunodeficient mice (139). 

Immunodeficient mice that lack type I interferon receptors (IFNAR-/-) rapidly succumb to CHIKV 

infection, limiting their utility in viral pathogenesis studies (56, 139). In contrast, 

immunocompetent 3-to-4-week-old C57BL/6 mice develop signs that mimic the human disease 

and are used to investigate CHIKV pathogenesis. Following subcutaneous inoculation of CHIKV 

into the footpad, these mice develop acute metatarsal swelling in the infected footpad and 

histological evidence of arthritis, myositis, and tenosynovitis (148, 149).  

The tissue injury and disease observed during CHIKV infection in humans and mice is 

attributed to inflammatory responses elicited by the virus. Following infection, interferon alpha 

and gamma levels are increased (151, 161), as are levels of cytokines and chemokines (161–163), 

and immune cells infiltrate into infected tissues (151, 164), causing inflammation and immune-

mediated damage. Specifically, severe CHIKV disease is associated with increased production of 

interleukin-1 beta (IL-1 beta), IL-6, C-X-C motif chemokine ligand 10 (CXCL10), CXCL9, C-C 

motif chemokine ligand 2 (CCL2), and regulated upon activation, normal T cell expressed and 

secreted chemokine (RANTES) (161–163). Following CHIKV infection in mice, enhanced serum 

levels of these chemokines correlate with the severity of joint swelling (148, 165). Furthermore, 

inhibition of CCL2 in mice using bindarit reduces arthritis, myositis, and bone erosion (166, 167). 

These studies emphasize the critical role of cytokines and chemokines in CHIKV pathogenesis. 

CHIKV-induced cytokines and chemokines recruit innate immune cells, including 

dendritic cells, macrophages, neutrophils, and natural killer (NK) cells, to infected tissues (149, 
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168–170). Afterwards, cells of the adaptive immune system, including B cells, CD4+ T cells, and 

CD8+ T cells, infiltrate CHIKV-infected joints (148, 149). Neither CD4+ or CD8+ T cells are 

required for the clearance of CHIKV. Based on studies using CD4-null mice, CD4+ T cells appear 

to contribute to joint swelling and tissue damage (171–173). Importantly, macrophages and 

antibody responses are required for the clearance of CHIKV (57, 148).  

1.9 Alphavirus attachment factors and receptors 

To initiate infection, viruses interact with a variety of cell-surface molecules, including 

proteins, carbohydrates, and lipids (1, 2). Virion binding to host molecules abundantly expressed 

on the cell surface, which are often called attachment factors, concentrates viral particles on the 

cell membrane and enhances the probability of engagement with an entry receptor that may be 

expressed at lower levels (2). The interaction between a virus and an attachment factor is usually 

of low affinity (2). In contrast, interactions with entry receptors are usually of high affinity and 

often trigger conformational changes in viral surface proteins that promote viral entry (2). 

Expression of attachment factors and entry receptors can determine viral tropism and influence 

disease (3), making it important to identify these host factors and characterize their function in 

viral replication. When multiple attachment factors or entry receptors are used by a virus, defining 

the function of each during viral infection can be complex. Overall, the molecular mechanisms by 

which viruses bind to host cells and how such virus-receptor interactions influence tropism and 

disease are still not completely understood for most viruses. 

Alphavirus engagement of attachment factors and receptors is complex, and the field still 

has an incomplete understanding of this process. The broad cell and tissue tropism observed for 
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many alphaviruses suggests that these viruses either bind a single receptor expressed by all 

susceptible cells or can engage multiple receptors specific to each cell type. The variety of 

attachment factors and possible entry receptors that have been identified over the years for 

alphaviruses (Figure 9) indicates that the latter possibility is likely true. 

 

 

 

Figure 9. Alphavirus attachment factors and entry receptors. 

Several cell-surface molecules have been identified as alphavirus attachment factors and entry receptors. The viruses 

that engage these attachment factors and entry receptors are shown (CHIKV, chikungunya virus; MAYV, Mayaro 

virus; ONNV, O’nyong’nyong virus; SINV, Sindbis virus; SFV, Semliki forest virus; RRV, Ross River virus; VEEV, 

Venezuelan equine encephalitis virus). Figure adapted with permission from (174). 

 

1.9.1 Alphavirus entry receptors 

The identification of bona fide alphavirus entry receptors has been challenging. Most 

studies lack evidence of a direct interaction between viral attachment proteins and putative 

receptors (174, 175). Additionally, many studies report residual virus binding to and infection of 
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cells lacking the proposed receptor, suggesting that receptor engagement is either highly cell-type 

specific or results from a complex interaction with multiple receptors. Alternatively, these studies 

also could indicate that the putative receptor functions as an attachment factor (174). However, 

research initiatives have identified three cell-surface molecules as putative alphavirus entry 

receptors, which include natural resistance-associated macrophage protein (NRAMP) (176), low-

density lipoprotein receptor class A domain-containing 3 (LDLRAD3) (177), and matrix 

remodeling associated protein 8 (Mxra8) (102, 132, 178, 179). These molecules have been deemed 

alphavirus entry receptors because the following evidence has been collected: (1) direct binding 

interaction between virus and receptor, (2) cellular susceptibility to virus correlates with receptor 

expression, (3) virus infection is blocked by receptor-specific antibodies or drugs that inhibit the 

receptor, and (4) receptor mediates the internalization of the virus. While not always possible, 

animal studies assessing receptor requirements for viral tropism and pathogenesis further support 

the role of entry receptors. Putative entry receptors that do not meet the criteria listed above are 

more likely to function as attachment factors. 

Natural resistance-associated macrophage protein (NRAMP) is an entry receptor for the 

alphavirus Sindbis virus (SINV). NRAMP is a divalent metal ion transporter expressed on cellular 

targets of SINV infection, including neuronal cells and macrophages. Direct interaction between 

NRAMP and SINV was confirmed by co-immunoprecipitation assays (176). In insect and 

mammalian cells, NRAMP gene silencing or treatment with exogenous iron to downregulate 

NRAMP blocked SINV infection (176, 180). Furthermore, viral RNA transfection experiments 

that allow viral replication while bypassing a requirement for receptor interactions suggest that 

NRAMP is specifically involved in the binding and entry of SINV. Ross river virus (RRV) does 

not require NRAMP, but whether CHIKV or other alphaviruses use this receptor is unclear. 
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Although NRAMP is required for SINV infection in adult flies (176), the role of NRAMP in 

mammalian hosts is unknown. 

Low-density lipoprotein receptor class A domain-containing 3 (LDLRAD3) is an entry 

receptor for the alphavirus Venezuelan equine encephalitis virus (VEEV) (177). LDLRAD3 is a 

scavenger receptor expressed on neurons and epithelial cells (181) and modulates amyloid 

precursor protein functions in neurons (182). In neurons, LDLRAD3 gene silencing reduces viral 

infection. Virus attachment to and internalization into neurons is enhanced by LDLRAD3 

expression and blocked following the treatment of cells with anti-LDLRAD3 antibodies. Direct 

interaction between LDLRAD3 and VEEV was observed using ELISAs and surface plasmon 

resonance (SPR) assays. Furthermore, VEEV infection in mice is diminished with LDLRAD3-Fc 

blocking treatments and genetic ablation of LDLRAD3. The in vitro and in vivo requirements of 

LDLRAD3 were not observed with other encephalitic or arthritogenic alphaviruses, including 

CHIKV (177). 

Matrix remodeling associated 8 (Mxra8) is an entry receptor for several alphaviruses, 

including CHIKV. Mxra8 is a cell-adhesion molecule expressed on many cellular targets of 

alphavirus infection, including epithelial, mesenchymal, and myeloid cells. Mxra8 receptor use 

appears specific to a subset of Old World arthritogenic alphaviruses. While infection of CHIKV, 

ONNV, MAYV, and RRV is diminished in mouse embryonic fibroblast (MEF) cells genetically 

deleted of Mxra8, infection of SINV, SFV, and New World encephalitic alphaviruses (e.g., VEEV, 

WEEV, and EEEV) is not significantly reduced in Mxra8-lacking MEFs. Furthermore, viral RNA 

transfection experiments suggest that Mxra8 is specifically required for viral binding and cell 

entry. 
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Direct binding of CHIKV and Mxra8 was confirmed by ELISA (102), biolayer 

interferometry (BLI), SPR, and cryo-electron microscopy (cryo-EM) (178, 179). Structural 

analyses of Mxra8 in complex with CHIKV or the E1/E2 glycoprotein heterodimer have defined 

CHIKV E1 and E2 residues that are required for Mxra8-virus binding. The Mxra8 ectodomain is 

composed of two Ig-like domains oriented head-to-head. The ectodomain binds three E1/E2 

heterodimers at a time, contacting two heterodimers on one CHIKV spike and a third heterodimer 

of an adjacent spike (Figure 10). Mxra8-binding residues are located in domains A and B of the 

E2 glycoprotein as well as in the fusion loop and domain II of the E1 glycoprotein (178, 179). 

 

 

 

Figure 10. Mxra8 binding interactions with CHIKV. 

Structures of Mxra8 and CHIKV in complex together as determined by cryo-EM (PDB: 6NK6). (A) Side view and 

(B and C) top view of the CHIKV E1/E2 trimer spike binding to Mxra8 (E1, grey; E2, blue; capsid, red; Mxra8, 

purple). (A and B) A single Mxra8 binding site is shown. (C) Four of the possible Mxra8-binding sites are shown on 

two adjacent E1/E2 trimers. Figure adapted with permission from (174). 
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In addition to in vitro studies, the requirement of the Mxra8 entry receptor has been 

reported using mice and Drosophila (102, 132). Transgenic flies expressing Mxra8 have increased 

susceptibility to CHIKV (132). CHIKV infection in mice is diminished with blocking Mxra8-Fc 

treatments, anti-Mxra8 antibody treatments, and genetic ablation of Mxra8. Viral titers and footpad 

swelling are reduced when Mxra8 is blocked or genetically disrupted (102, 132). Similarly, 

MAYV, RRV, and ONNV produce lower titers and less footpad swelling following infection of 

Mxra8-deficient mice (132). However, viral infection is not completely abrogated by Mxra8 

disruption for any virus tested, as indicated by an appreciable viral titer observed in organs of 

infected mice with blocked or genetically altered Mxra8 expression (102, 132). These data indicate 

that although Mxra8 is most likely a bona fide entry receptor for CHIKV and some other 

arthritogenic alphaviruses, other entry receptors yet to be identified also are used. 

1.9.2 Alphavirus attachment factors 

Alphavirus attachment factors are continually being identified. In fact, several cell-surface 

molecules originally described as putative receptors have been subsequently defined as attachment 

factors because of new evidence suggesting attachment factor function. Possible alphavirus 

attachment factors include: C-type lectins (97, 183, 184), phosphatidylserine receptors (95, 185, 

186), laminin receptor (187, 188), prohibitin 1 (94, 189), ATP synthetase beta subunit 1 (96), and 

glycosaminoglycans (GAGs) (93, 174, 190). 

C-type lectins have been suggested to act as attachment factors for some alphaviruses. 

Specifically, dendritic cell-specific intercellular adhesion molecule-3-grabbing non-integrin (DC-

SIGN) and liver-specific SIGN (L-SIGN) aid in virus-cell attachment for SINV, SFV, and CHIKV 

(97, 183, 184). These c-type lectins function in cell migration and serve as pattern recognition 
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receptors (PRRs) (191, 192). Cells transfected with DC-SIGN or L-SIGN show increases in 

CHIKV, SFV, and SINV infection (97, 183). Interestingly, mannose processing of viral N-linked 

glycans influences virus interaction and dependence on DC-SIGN and L-SIGN. SINV and SFV 

only bind to these lectins when virus contains high- and pauci-mannose N-linked glycans, which 

occurs when virus is propagated in mosquito cells (184, 193). Moreover, CHIKV infection is not 

altered in mice deficient in DC-SIGN and L-SIGN (194). These data suggest a role for DC-SIGN 

and L-SIGN during in vitro alphavirus infection. However, the physiological importance of these 

c-type lectins in vivo is still in question. 

Phosphatidylserine (PS) receptors, including the T cell immunoglobulin mucin 1 (TIM-1), 

milk fat globule-epidermal growth factor-factor 8 (MFG-E8), growth arrest-specific gene 6 (Gas6), 

and CD300a, are proposed alphavirus attachment factors (95, 185, 186). These molecules bind 

phosphatidylserine, a component of cell membranes that often is included in the host-derived lipid 

bilayer of enveloped viruses (195). PS receptors often function during apoptosis (196). CHIKV, 

SINV, RRV, and EEEV infection of cultured cells increases when TIM-1 is expressed (95, 186). 

However, viral infection appears to require TIM-1 binding of PS and not the direct engagement of 

TIM-1 by virus (95). Additional studies using pseudotyped viruses expressing SINV envelope 

proteins show that expression of MFG-E8, Gas6, and CD300a increases viral infection in vitro, 

suggesting possible attachment factor roles for these molecules (185). The contribution of virus-

PS receptor interactions in vitro for viral entry and in vivo for tropism and disease requires further 

investigation. 

The laminin receptor was identified as a possible SINV entry receptor. However, evidence 

suggesting a role as an entry receptor rather than an attachment factor is lacking. The laminin 

receptor is expressed at the cell surface and binds basement membrane laminin and functions in 



 30 

cell development and tumor metastasis (197). Transfection of the laminin receptor into Chinese 

hamster ovary (CHO) cells and baby hamster kidney (BHK) cells increases susceptibility to SINV. 

Antibodies against the laminin receptor can inhibit SINV infection (187). However, whether the 

laminin receptor is required for internalization of virus into host cells is undetermined, suggesting 

that this molecule is a SINV attachment factor. Evidence of direct interaction between the laminin 

receptor and SINV also is lacking. One study observed binding interactions between the c-terminal 

domain of the laminin receptor and VEEV E2 glycoprotein, but the function of the laminin receptor 

for VEEV and other alphaviruses, including CHIKV, is unknown. 

Similar to the laminin receptor, identification of prohibitin 1 (PHB1) as a putative CHIKV 

entry receptor is still in question and remains categorized as an attachment factor. PHB1 is 

expressed on cell and mitochondrial membranes, functioning in cell proliferation and 

mitochondrial integrity (198). In microglial cells, gene silencing of PHB1 and treatment with anti-

PHB1 antibodies reduces CHIKV infection. Immunofluorescence microscopy and co-

immunoprecipitation indicate direct binding between CHIKV and PHB1 (94). However, whether 

PHB1 is actually required for the internalization of the virus is unknown, so it is currently classified 

as a CHIKV attachment factor. Although PHB1 is suggested to function as an attachment or entry 

ligand for dengue virus (DENV) (189), the requirement of PHB1 for other alphaviruses and in 

other cell types is undetermined. 

While many studies have investigated alphavirus attachment factor binding in mammalian 

cells, ATP synthase beta subunit 1 (ATPS-beta 1) was identified as a possible attachment factor in 

insect cells. ATPS-beta 1 is expressed at the plasma and mitochondrial membranes. The binding 

interaction between ATPS-beta 1 and CHIKV was discovered in a virus overlay protein binding 

assay, followed by mass spectroscopy. In insect cells, gene silencing and treatment with anti-
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ATPS-beta 1 antibodies reduce CHIKV infection (96). However, more work is required to 

determine how this molecule mediates CHIKV infection, whether the ATPS-beta 1 ortholog is 

required in mammalian cells, and whether other alphaviruses depend on ATPS-beta 1 for binding 

and infection of insect cells.  

1.9.3 GAG attachment factors 

The most studied alphavirus attachment factors are glycosaminoglycans (GAGs), which 

are negatively charged, linear polysaccharide glycans found at the cell surface (174, 199–202). 

Many pathogenic viruses bind GAGs as attachment factors (66, 67, 99, 101, 200, 202–214). 

Multiple studies conducted with alphaviruses have indicated the importance of heparan sulfate 

(HS), a specific type of GAG, for virus-cell attachment (67, 100, 199, 203–205, 213, 215–222). 

Increased HS binding has been identified as a cell-culture adaptation resulting from passaging 

alphaviruses in cells, which has been a method used to select attenuated vaccine candidates like 

CHIKV 181/25 (65, 124, 165, 223). However, field-isolated alphavirus strains also use GAGs as 

attachment factors for efficient in vitro infection. These studies used gene silencing of GAGs, 

enzymatic cleavage of GAGs, blocking treatments of viral particles with exogenous soluble GAGs, 

and viral mutagenesis to yield enhanced GAG-binding viruses, which defined the requirement of 

GAGs for CHIKV (66, 67, 99, 100, 224), EEEV (203, 204, 221), RRV (222), SINV (205, 225), 

SFV (225, 226), and VEEV (213). Furthermore, recent studies have begun to determine the 

specific GAG moieties required for virus binding. Gene silencing of various GAG biosynthetic 

enzymes in cells demonstrated that N-sulfation of HS chains is required for efficient CHIKV 

infection in vitro (100). Future studies are required to further define the specific GAG moieties 

that mediate CHIKV-GAG interactions. 
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Direct binding interactions between GAGs and alphaviruses have been observed. Binding 

of SINV and RRV to heparin, HS, and CS was determined with assays using radiolabeled 

immobilized GAGs (205, 223). RRV binding to heparin was observed by cryo-electron 

microscopy, which identified the distal tip of the E2 glycoprotein as a heparin-binding region 

(206). EEEV and heparin (approximately 6 kD monomers) binding also was revealed by cryo-

electron microscopy, which identified HS-binding sites in the E2 glycoprotein in axial (spike 

center) and peripheral (spike periphery) locations (221).  

Direct engagement of CHIKV and GAGs also has been observed. CHIKV directly binds 

heparin as assessed by heparin-agarose bead assays (66, 67). The specific residues of the CHIKV 

glycoproteins that mediate GAG-binding are yet to be identified. However, by studying viral 

mutants with increased GAG-binding, regions of the CHIKV E2 glycoprotein have been identified 

that influence GAG interactions, including residues near G82 and E79. When these residues are 

altered to an arginine or lysine, respectively, GAG-binding capacity is enhanced (66, 67, 165). 

Furthermore, molecular docking techniques have identified CHIKV HS-binding residues R104, 

R107, and R144 in the E2 glycoprotein domain A and arch (218). While direct interactions 

between GAGs and CHIKV have been reported and preliminarily mapped, the GAG-binding sites 

on CHIKV are still largely undetermined. Cryo-electron microscopy paired with viral mutagenesis 

studies to further analyze virus-GAG contact sites are required. 

Virus-GAG interactions assessed in vivo have been reported to influence tropism and 

virulence in mouse models of infection with CHIKV (58, 67, 165, 227), EEEV (204), SFV (228), 

and SINV (219, 223, 229, 230). The contribution of HS binding to alphavirus pathogenesis is 

complex and differs depending on inoculation method. Intracranial inoculation of HS-binding WT 

EEEV strains increases neurovirulence and boosts viral titers in the brain relative to low HS-
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binding strains. In contrast, subcutaneous infection of HS-binding WT EEEV strains results in 

decreased neurovirulence as determined by illness and death as well as decreased viral titers when 

compared to low HS-binding strains (204). Similarly, SINV strains with increased HS binding 

results in increased neurovirulence when inoculated intracranially and decreased virulence when 

inoculated subcutaneously (219, 229). During SFV intracranial infection, increased viral HS 

binding alters viral tropism, allowing virus to more efficiently cross the blood-brain barrier and 

replicate to higher titers in the brain (228). Overall, following intracranial inoculation, neurotropic 

alphaviruses with increased HS binding are more neurovirulent. In contrast, following 

subcutaneous inoculation, alphaviruses with increased HS binding are attenuated in mice, causing 

reduced disease, rapid viral clearance, and reduced dissemination in vivo.  

For CHIKV, subcutaneous infection of strains with enhanced HS binding capacity results 

in attenuated disease characterized by reduced footpad swelling, diminished inflammation and 

pathology in musculoskeletal tissues, reduced viral titers, and rapid viral clearance (58, 67, 165, 

227). This is similar to the in vivo phenotypes observed for subcutaneous inoculation of EEEV and 

SINV. While infection with high GAG-binding CHIKV strains have been assessed, CHIKV strains 

that are abrogated for GAG binding have yet to be identified and analyzed for tropism and 

virulence. 

1.10 GAG structure and biology 

GAGs are glycans expressed ubiquitously on the cell surface and in the extracellular matrix 

of human and mosquito cells (226, 231, 232). These negatively charged linear polysaccharides are 

composed of repeating disaccharide units of an N-acetylated or N-sulfated hexosamine and either 
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a uronic acid (glucuronic acid [GlcA] or iduronic acid [IdoA]) or galactose. There are four main 

types of GAGs characterized based on the differences in their repeating disaccharide units, 

including heparin/heparan sulfate (HS), chondroitin sulfate (CS)/dermatan sulfate (DS), keratan 

sulfate (KS), and hyaluronan. With the exception of hyaluronan, the other types of GAGs are 

highly sulfated (231). Variations in GAG disaccharide units and the degree and pattern of sulfation 

are determined by the expression and relative abundance of specific GAG biosynthetic enzymes. 

Five types of sulfatases (N-sulfatase, 2-O-sulfatase, 3-O-sulfatase, 4-O-sulfatase, 6-O-sulfatase), 

two types of epimerases (Glce and Dse), and various transferases catalyze GAG modification 

reactions that lead to the diversity observed among GAG chains (231, 233). 

1.10.1 Proteoglycans 

Some GAG chains can be attached to core proteins to create complex proteoglycan (PG) 

structures (Figure 11). Hyaluronan and heparin are the only two GAGs that do not form PGs. In 

contrast, HS, CS, DS, and KS are covalently attached to a core protein to form a PG. There are 

many different types of PGs, which are categorized by the core protein, types of GAGs, and 

distribution in the cell (secreted or membrane-bound). PGs can consist of one or multiple GAG 

types with variability in the number of GAG chains present (231).  

HS, CS, and DS link to serine residues in core proteins through a xylose. A xylotransferase 

catalyzes the addition of a xylose to a serine residue in the core protein. This reaction is followed 

by the transfer of two galactose residues, which is catalyzed by galactosyltransferases, and one 

GlcA catalyzed by a glucuronosyltransferase. The xylose, two galactoses, and GlcA form the 

tetrasaccharide linkage that is required for HS, CS, and DS PG formation (231). Interestingly, 

sulfation of this tetrasaccharide linkage likely dictates which type of GAG chain is added to the 
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PG protein core. However, the exact mechanism remains unknown (234). Once the tetrasaccharide 

linkage is established, N-acetylglucosamine (GlcNAc) is added by the enzymatic activity of 

EXTL3 to initiate heparin and HS assembly, or N-acetylgalactosamine (GalNAc) is added by the 

enzymatic activity of CSGALNACT1/2 to initiate CS and DS assembly (231, 233). 

There are four major PG families that are named according to the core protein: glypicans, 

lecticans, small leucine-rich family of proteoglycans (SLRPs), and syndecans (235). Glypicans are 

anchored into the plasma membrane by a glycosylphosphatidylinositol (GPI) linkage and consist 

of only HS GAG chains and a core protein of 56 to 59 kDa in size (231, 235–238). Lecticans are 

found in the extracellular matrix usually aggregated with hyaluronan chains and consist of CS or 

KS GAG chains and a large core protein of 96 to 373 kDa in size (231, 235, 238). SLRPs are often 

found in the extracellular matrix and consist of CS, DS, or KS GAG chains and a small core protein 

of 25 to 42 kDa in size (231, 235, 238). Finally, syndecans are transmembrane molecules that 

consist of HS, CS, or DS GAG chains and a small core protein of 22 to 43 kDa in size (231, 235–

239). These proteoglycans mediate a variety of functions, including cell adhesion, cell migration, 

cell signaling, collagen matrix assembly, regulation of inflammation, extracellular matrix 

assembly, and pathogen binding (231, 239–241). 

1.10.2 Heparin and heparan sulfate 

Heparin and HS are composed of repeating units of GlcNAc and either GlcA or IdoA 

(Figure 11). The polymerization of heparin and HS chains is catalyzed by EXT1 and EXT2. GlcA 

monosaccharides on heparin and HS chains can be epimerized to IdoA through the enzymatic 

activity of an epimerase called Glce. Heparin is composed of approximately 80% more iduronic 

acid than HS and is also more sulfated than HS. While both heparin and HS can contain 6-O- and 
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N-sulfated GlcNAc, over 70% of GlcNAc molecules in heparin chains are N-sulfated. 

Additionally, IdoA, which largely comprises heparin chains, contains a 2-O-sulfate more often 

than GlcA (231, 242). These structural differences between heparin and HS explain the more 

sulfated, negatively charged nature of heparin. In the laboratory, heparin is often used instead of 

HS due to better accessibility and lower cost (231, 243). However, because of the structural 

differences between heparin and HS, conclusions based on experiments using only heparin should 

be conservative. Heparin chains are not attached to core proteins to form PGs and instead are found 

in the extracellular matrix of endothelial cells, cells of the connective tissue, and glial progenitor 

cells. Heparin functions as an anti-coagulant and a regulator of cell proliferation and migration. In 

contrast, HS chains compose glypicans and syndecan proteoglycans as well as perlecan, agrin, 

collagen type XVIII, and betaglycans (231, 235). In mosquitoes, HS is expressed in the ovaries, 

midgut, and salivary glands (226, 244, 245). In mammals, HS is expressed ubiquitously throughout 

the body and in abundance on epithelial cells, fibroblasts, endothelial cells, skin, and muscle (231, 

236, 246, 247). Generally, HS functions in cell migration, extracellular matrix assembly, cell 

adhesion, and inflammation (231, 248, 249). 

1.10.3 Chondroitin sulfate and dermatan sulfate 

CS is composed of repeating units of GalNAc and GlcA (Figure 11). CS chain 

polymerization is catalyzed by CHSY1, CHSY3, and CHPF, which constitute the CS-polymerase. 

Chains of DS are formed when GlcA monosaccharides are epimerized to IdoA by the enzymatic 

activity of an epimerase called Dse. CS and DS chains are further modified by sulfation, which is 

used to categorize the different CS chains. CS-A chains contain 4-O-sulfated GalNAc, CS-B 

chains (also known as DS) contain 4-O-sulfated GalNAc and 2-O-sulfated IdoA, CS-C chains 
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contain 6-O-sulfated GalNAc, CS-D chains contain 6-O-sulfated GalNAc and 2-O-sulfated GlcA, 

and CS-E chains contain 3-O- and 6-O-sulfated GalNAc. Although CS is categorized by these 

different sulfation patterns, many CS chains are hybrid structures containing more than one type 

of CS. CS/DS chains are found in syndecan, lectican, and SLRP proteoglycans as well as collagen 

type IX, CSPG4, and neuroglycan-C (231, 235). In mosquitoes, CS/DS are expressed in the 

ovaries, midgut, and salivary glands (226, 244, 245). However, these forms of CS/DS are 

unsulfated in invertebrates (231). In mammals, CS/DS are mainly found in cartilage, connective 

tissue, fibroblasts, macrophages, and endothelial cells (231, 250). Generally, CS/DS chains form 

collagen matrices, cushion compressive forces, regulate cell adhesion and signaling, and stabilize 

cartilage collagen fibrils (231, 249, 251). 
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Figure 11. GAG and PG structure. 

Chain structures of heparan sulfate, chondroitin sulfate, and heparin. Variations in chain length and sulfation are 

indicated for heparan sulfate and chondroitin sulfate (NS, N-sulfation; 2S, 2-O-sulfation; 4S, 4-O-sulfation; 6S, 6-O-

sulfation). Heparan sulfate and chondroitin sulfate are shown attached to a core protein anchored into the plasma 

membrane to form a PG. The GAG chains are linked to a serine residue of the core protein by a tetrasaccharide linkage, 

consisting of xylose, two galactoses, and GlcA. Figure created using BioRender. 

1.10.4 Keratan sulfate 

Similar to HS and CS/DS, KS also can attach to a core protein to form a PG structure. 

However, the linkage between KS and a core protein is unique. In general, KS is composed of 

repeating units of galactose and GlcNAc, which can be 6-O-sulfated. There are two types of KS 

that differ in linkage to a core protein. KS I is linked to a core protein by an N-glycan attached to 
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an asparagine protein residue. KS II is linked to a core protein by an O-glycan attached to a serine 

or threonine protein residue. Chains of KS I are usually longer than those of KS II, found in cornea 

tissues as part of SLRP PGs like keratocan and lumican, and function in corneal transparency. 

Chains of KS II are found in the brain and cartilage on lectican PGs like aggrecan. KS II forms a 

hydrated extracellular matrix to counter compressive forces (231, 235).  

1.10.5 Hyaluronan 

In contrast to other GAG types, hyaluronan (also known as hyaluronic acid) is the only 

unsulfated GAG chain. Similar to heparin, it is found in the extracellular matrix and not in complex 

with a core protein. Hyaluronan is composed of repeating subunits of GlcNAc and GlcA (231). 

The polymerization of hyaluronan is catalyzed by hyaluronan synthases. Chains of hyaluronan 

have a high molecular weight and are the largest polysaccharides in vertebrates (231, 252). 

Furthermore, within the extracellular matrix, multiple hyaluronan chains can interact to form 

matrices with themselves and lectican PGs like aggrecan (231, 235, 252). Hyaluronan is not found 

in invertebrates, but it is ubiquitously expressed in most vertebrate cells, functioning in cell 

differentiation, cell proliferation, and cell signaling (231, 252). 

1.10.6 Summary of GAGs and CHIKV 

GAGs are structurally and functionally diverse glycans found on most cells and tissues. 

The broad expression of GAGs makes these molecules ideal cell-surface targets for virus 

attachment (101, 200, 202, 253). Many pathogenic viruses bind specific types of GAGs as 

attachment factors to anchor and accumulate at the cell surface (66, 67, 99, 101, 200, 202–214). 



 40 

Importantly, the types and abundance of GAGs expressed varies among different cells and tissues, 

which can influence the tropism and virulence of viruses that bind GAGs as attachment factors 

(101, 200–202).  

Our current understanding of the engagement of GAGs by CHIKV is incomplete. 

Biochemical assays show direct binding of CHIKV to heparin, and a few residues in the CHIKV 

E2 glycoprotein influence GAG binding (66, 67). However, other specific GAGs to which CHIKV 

binds and the full GAG-binding pocket on CHIKV have not been identified. In vitro evidence 

indicates a requirement for GAGs for efficient CHIKV infection (66, 67, 224). N-sulfation of HS 

chains is specifically required for CHIKV infection of culture cells (100). However, the in vitro 

requirement of other specific GAGs and other sulfation modifications on GAG chains for CHIKV 

binding and infection is unclear, especially on cells with varying levels of GAG and Mxra8 entry 

receptor expression. Furthermore, whether GAG dependence differs among CHIKV strains from 

the three genetically distinct clades is undetermined. Finally, the in vivo contribution of CHIKV-

GAG interactions has been assessed using high GAG-binding CHIKV strains, which are attenuated 

and rapidly cleared (58, 67, 165, 227). However, in vivo infection by CHIKV strains that fail to 

bind GAGs has not been reported. Such experiments will enhance an understanding of the effects 

of CHIKV-GAG binding on viral tropism and virulence. The research described in this dissertation 

addresses these gaps in knowledge. 

1.11 Significance of research 

Arbovirus infections are a global health threat, contributing to outbreaks of disease in many 

parts of the world. Recent epidemics in 2004 and 2013 caused by CHIKV, an arthritogenic 
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alphavirus, resulted in more than 8.5 million cases as the virus spread into new geographic regions, 

including the Western Hemisphere. CHIKV causes disease in the majority of people infected, 

leading to severe and debilitating arthritis. Despite the severity of CHIKV disease, there are no 

licensed therapeutics. Since attachment factors and receptors found on the surface of susceptible 

host cells are determinants of viral tropism and disease, understanding these virus-host interactions 

will enhance knowledge of CHIKV infection and may illuminate new antiviral drug targets.  

The overall goal of this research is to identify the specific GAG attachment factors bound 

by CHIKV and define the residues in the E2 glycoprotein required for CHIKV-glycan binding. I 

analyzed over 670 glycans and identified GAGs as the main glycan bound by CHIKV. I defined 

specific GAG components required for CHIKV binding and assessed strain-specific differences in 

GAG-binding capacity and dependence. Finally, I identified eight basic, surface-exposed residues 

in domain A, domain B, and arch of the CHIKV E2 glycoprotein required for GAG binding. Future 

studies will define specific GAG structures bound by CHIKV, identify other GAG-binding 

residues in the CHIKV E1 and E2 glycoproteins, and investigate the role of CHIKV-GAG 

interactions during in vivo CHIKV infection in mice. Overall, these studies provide insight about 

cell-surface molecules that CHIKV binds, which will help facilitate the development of antiviral 

therapeutics targeting the CHIKV attachment step. 
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2.0 CHIKV specifically binds longer, sulfated gags as attachment factors 

2.1 Introduction 

Several cell-surface molecules have been identified to facilitate CHIKV attachment and 

entry. CHIKV binds Mxra8 as an entry receptor (102, 132), but absent or decreased expression of 

Mxra8 in cells and mice does not completely abrogate CHIKV infection, suggesting that CHIKV 

can use other entry receptors (102, 132). Additionally, a variety of cell-surface molecules may act 

as attachment factors for CHIKV (94–98), including GAGs (66, 67, 99, 100). Since attachment 

factors and receptors are determinants of viral tropism and pathogenesis, understanding these 

virus-host interactions can enhance our knowledge of CHIKV infection. It is not clear whether 

CHIKV preferentially binds to different GAG types, nor whether CHIKV strains from the three 

genetically distinct clades differ in GAG binding. Moreover, the requirement of specific GAGs for 

CHIKV binding and infection of cells with varying levels of GAG and Mxra8 expression has not 

been defined.  

To identify the types of GAGs and other glycans to which CHIKV binds, I used glycan 

microarray technology in collaboration with the laboratory of Dr. Ten Feizi. Due to the diverse 

and heterogenous nature of glycans and the inability to readily clone glycans, as they are the 

product of numerous biosynthetic enzymes, high-throughput screening of protein-glycan 

interactions is challenging. Microarray technology is one of few methods available to analyze 

glycan binding in a high-throughput approach. Microarrays have been used to analyze the binding 

interactions of a variety of molecules, including DNA (254), proteins (255), tissues (256), and 
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chemical compounds (257). In the early 2000s, this technology was adapted to investigate 

carbohydrates (258–260).  

Microarrays are an ideal method to study carbohydrate interactions. Not only is this a high-

throughput approach, but it also requires small amounts of material, which is beneficial since large 

quantities of homogenous glycans are challenging and expensive to prepare (258). Additionally, 

glycans are presented in a multivalent display on a microarray chip. This strategy allows for more 

avid substrate binding, which aids in the detection of the often weak interactions that occur 

between carbohydrates and their binding partners (258). Glycan microarray approaches have been 

developed to analyze what binds to monosaccharides (259), oligosaccharides (261), and 

polysaccharides (260). To conduct microarray analyses, glycans are immobilized to a glass slide, 

substrate is added, and glycan-substrate binding is quantified, usually by fluorescence intensity 

(258–263). One of the main differences among glycan microarray approaches is the method by 

which glycans are immobilized, which is an important factor in ensuring that glycans are retained 

on the slide and that glycan epitopes are preserved. Either covalent or non-covalent strategies can 

be used. The first reported glycan microarray by Wang et al. in 2002 used non-covalent 

immobilization by spotting carbohydrates onto glass slides coated with a nitrocellulose polymer 

(259). Houseman and Mrksich in 2002 used covalent, Diels-Alder-mediated immobilization of 

carbohydrates onto gold-coated glass slides (260). While covalent glycan immobilization can 

provide better glycan retainment on the slide and prevent nonspecific binding, non-covalent glycan 

immobilization is a less complex approach, which when optimized, can provide the same benefits.  

In our studies, we used a glycan microarray approach of non-covalent glycan 

immobilization through a lipid linker (Figure 12). This method requires the conjugation of an 

oligosaccharide by reductive amination to an aminolipid called 1,2-dihexadecyl-sn-glycero-3-
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phosphoethanolamine (DHPE) (261–263). These glycan-lipid conjugates are called neoglycolipids 

(NGLs) (261–263). The advantage of the lipid tag approach is that it promotes more efficient 

glycan mobilization, while also allowing glycans to assume a more natural conformation than 

provided by the covalent approach, which prevents glycan mobility (261–263). Liu et al., the first 

group to report the development and use of NGL microarrays, emphasize that the “noncovalent 

presentation mimics to some extent the arrangement of clustered oligosaccharide structures at the 

cell surface (263),” making this approach the best high-throughput method currently developed to 

analyze carbohydrate binding. Thus, we used this technology to identify the types of GAGs and 

other glycans to which CHIKV binds. 
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Figure 12. NGL-based glycan microarray. 

Illustration of glycan microarray technology. Glass slides are coated with 16 nitrocellulose pads. Each pad is printed 

with 64 lipid-linked glycans (NGLs) in two concentrations (2 and 5 fmol) for a total of 256 NGLs. NGL preps are 

diluted in Cy3 dye as a marker. After NGLs are printed onto each pad, imaging is conducted to visualize the glycans 

to verify spot location and quality. After virus is bound, glycan-virus interactions are detected using an anti-CHIKV 

monoclonal antibody, biotin-conjugated IgG, and streptavidin-conjugated Alexa Flour 647. Pads are reimaged, and 

glycan-virus binding is reported as fluorescence intensity. 

 

 

The glycan microarray work described in this chapter was a collaborative effort between 

our lab and Dr. Ten Feizi’s team, which included Drs. Yan Liu, Lisete Silva, Wengang Chai, 

Barbara Mulloy, Tomas Frenkiel, and Nian Wu. The chikungunya virus-like particles that were 

tested on glycan microarrays were obtained from Emergent BioSolutions Inc. with help from Drs. 

Lo Vang, Jeff Alexander, and Kelly Warfield. Studies to validate the microarray results using 
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GAG ELISAs were analyzed and interpreted with help from Krishnan Raghunathan (Figure 15 

and Table 3). Dr. Laurie Silva’s lab team, including James Martin and Abby Orzechowski, aided 

in the characterization of cell lines (Figure 18D). Cell-binding and infection studies conducted to 

determine the requirement of CHIKV-GAG binding during infection were completed in 

collaboration with Dr. Anthony Lentscher and Ms. Kira Griswold (Figures 20 and 21). Technical 

assistance with flow cytometry was provided by Kelly Urbanek, Pam Brigleb, Joshua Michel, and 

Alexis Styche. Adam Brynes and Adaeze Izuogu provided technical assistance with RT-qPCR and 

transient gene complementation. Reagents critical to the work in this chapter, including Hap1 cell 

lines, Mxra8 antibodies, and CHIKV infectious clones were provided by Drs. Yusuke Maeda, 

Atsushi Tanaka, Michael Diamond, Mark Heise, and Stephen Higgs.  

 

2.2 Results 

2.2.1 CHIKV binds specifically to GAGs 

Some strains of CHIKV bind directly to heparin in vitro (66, 67). To identify other glycans 

to which CHIKV binds, we conducted glycan microarray analyses using virus-like particles 

(VLPs). Chikungunya VLPs are structurally indistinguishable from native chikungunya virions 

(74) and can be used in experiments at a lower biosafety level than pathogenic CHIKV. The VLPs 

used in our experiments are composed of the structural proteins of West African clade CHIKV 

strain 37997 (264) and are currently in advanced development as a vaccine candidate by Emergent 

BioSolutions (73, 75, 265). The microarray contained 672 sequence-defined lipid-linked 
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oligosaccharides, representing the major types of mammalian glycans found on glycoproteins, 

glycolipids, and proteoglycans, as well as those derived from glucan polysaccharides of bacteria, 

fungi, and plants (Figure 13). Ten heparin-derived oligosaccharides (2-mer to 20-mer chains) were 

included in this array as representatives of GAG-related sequences. Chikungunya VLPs were 

overlaid onto the microarray, and VLP binding was detected by indirect immunofluorescence. 

Among the 672 glycans tested in the microarray, CHIKV VLPs bound to approximately 

30 glycans with signal above background (Figure 13). The ten highest VLP-binding signals were 

produced by heparin GAGs of varying lengths (Figure 13), suggesting that GAGs are the preferred 

glycan type bound by CHIKV. Binding was observed with a heparin dimer, and binding signals 

increased with increasing length of heparin chains. Among the non-GAGs bound, most are 

negatively charged, including three of the strongest bound non-GAG glycans: ‘ring-opened’ 

NeuAc monosaccharide (position 637), SU-3GlcAβ-3Galβ-4Glc (position 36), and Carra-Hexa-

4S (position 669; Figure 13; Table S1 in (224)). Collectively, these data demonstrate that GAGs 

are preferentially bound by chikungunya VLPs in vitro and highlight a potential role for GAG 

chain length in the efficiency of virus binding. 
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Figure 13. Chikungunya VLPs bind specifically to GAGs. 

A glycan microarray composed of 672 lipid-linked glycan probes was incubated with purified chikungunya virus-like 

particles (VLPs, 50 µg/mL). Bound VLPs were fixed with 4% PFA and detected using anti-CHIKV E2-specific 

monoclonal antibody (CHK-152), followed by biotin-conjugated IgG and streptavidin-conjugated Alexa Fluor 647. 

VLP-glycan binding is reported as the mean fluorescence intensity of duplicate spots of each lipid-linked glycan probe 

printed at 5 fmol. The glycan groups tested are arranged according to their backbone sequences as annotated. The 

glycans tested, probe sequences, and binding intensities are listed in Table S1. Binding data shown are representative 

of two independent experiments. Error bars represent half of the difference between the two values. 

 

2.2.2 CHIKV binds to longer, sulfated, iduronic acid-containing GAGs 

To identify the GAG binding specificities of CHIKV, we used GAG-focused microarrays. 

These microarrays included 15 size-defined oligosaccharides derived from different types of 

GAGs: heparin, HS, CS-A, CS-B (DS), CS-C, KS, and hyaluronan, which was the only non-

sulfated GAG in this analysis (Figure 14). Short (6- or 10-mer) and long (up to 14-mer) chains 

were included for each GAG type except for the hyaluronan 12-mer, HS 6-mer, and HS 8-mer 

(Figure 14). Larger size-defined fractions of HS oligosaccharides were not available for the study 

due to the sequence heterogeneity of HS relative to other GAG types. Two non-GAG 

polysaccharides, dextran sulfate and dextran (266), also were included as controls for highly 

sulfated and neutral saccharides, respectively. Chikungunya VLPs were overlaid onto the GAG-

focused array, and VLP binding was detected by indirect immunofluorescence.  

Whereas VLPs bound to dextran sulfate, binding to unsulfated dextran was not detected, 

and very little binding was observed to hyaluronan, an unsulfated GAG (Figure 14A). These data 

suggest an important function for sulfation in CHIKV-glycan interactions. VLPs bound all sulfated 
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GAGs above background with varying intensities (Figure 14A). The strongest binding signals were 

observed with heparin, followed by HS, CS-B, CS-C, CS-A, and weakest for KS (Figure 14A). In 

general, stronger binding signals were observed with longer GAG oligosaccharides, especially 

with heparin 14-mer, HS 8-mer, and CS-B 14-mer, which all reached statistical significance. 

Interestingly, the GAGs bound strongest by CHIKV, including heparin, HS, and CS-B (DS), all 

contain iduronic acid monomers, while the other GAG types do not (231) (Figure 14B), suggesting 

that iduronic acid may contribute to CHIKV binding. Overall, CHIKV binds with greatest avidity 

in vitro to longer, sulfated chains of GAGs, with a preference for HS and heparin.  
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Figure 14. Chikungunya VLPs bind to longer, sulfated, iduronic acid-containing GAGs with a preference for 

heparin and HS. 
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(A and B) A GAG-focused microarray composed of GAGs differing in length (indicated by #-mer) and sulfation was 

incubated with chikungunya VLPs. Dextran and dextran sulfate, non-GAG glycans, also were included in the array to 

assess sulfation requirements for binding. (A) Chikungunya VLPs were incubated on the microarray. Bound VLPs 

were fixed with 4% PFA and detected using either anti-CHIKV E2-specific monoclonal antibody (CHK-152) or anti-

CHIKV ascites fluid, followed by biotin-conjugated IgG and streptavidin-conjugated Alexa Fluor 647. Fluorescence 

intensity was determined from duplicate spots of each glycan probe printed at 5 fmol for GAG NGL probes and 0.1 

ng for dextran and dextran sulfate. VLP-glycan binding is normalized to heparin 14-mer fluorescence intensity signals. 

Binding data shown are an average of five independent experiments, except for results with HS, which are from three 

independent experiments. Error bars indicate standard error of the mean (SEM). P values were determined by one-

way analysis of variance (ANOVA) followed by Tukey’s multiple comparison test (*, P < 0.05; ***, P < 0.001; ****, 

P < 0.0001). Statistics presented within the graph only indicate statistical significance between samples of each glycan 

type. (B) The backbone sequences for each glycan probe used on the microarray are listed. (Glc, glucose; GlcNAc, 

N-acetyl glucosamine; GlcNH2, glucosamine; GlcA, glucuronic acid; IdoA, iduronic acid; GalNAc, N-acetyl 

galactosamine; dUA, 4,5-unsaturated hexuronic acid; ManA, 2,5-anhydro-mannose; DH and AO, lipid moieties of 

NGLs prepared by reductive amination and oxime ligation, respectively) 

 

2.2.3 Multiple CHIKV strains directly bind heparin and chondroitin sulfate 

To determine whether GAG-binding efficiency differs between CHIKV strains and to 

validate the microarray results, we assessed viral binding to heparin and CS by ELISA. Three 

CHIKV strains, SL15649 (149), H20235 (267), and 37997 (264), were selected to represent the 

three CHIKV genetic clades (ECSA, Asian, and West African, respectively) (Table 2). 

Importantly, the strains chosen for analysis were isolated from infected humans or mosquitoes and 

minimally passaged in cell culture prior to sequencing and construction of infectious cDNA clones 

(Table 2). We used CHIKV strain 181/25 as a positive control for heparin binding. Strain 181/25 
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was derived from plaque-to-plaque passaging of parental strain AF15561 of the Asian CHIKV 

clade (64, 65). Cell-culture adaptation of 181/25 led to mutations in the E2 attachment protein, one 

of which (G82R) is responsible for increased heparin binding efficiency (66, 67) and attenuated 

virulence in mice and humans (67–69).  

 

 

Table 2. CHIKV strains used in this study. 

Clade Strain Isolation Passage history 

Asian 
Attenuated 

181/25 

Tissue culture passage 

of AF15561 strain 

11 passages in GMK cells 

18 passages in MRC-5 cells 

ECSA 
Sri Lanka 

SL15649 

Human patient in    

Sri Lanka (2006) 
3 passages in Vero cells 

Asian 
Caribbean 

H20235 

Human patient in    

St. Martin (2013) 
3 passages in Vero cells  

W. African 
Senegal 

37997 

Mosquito in  

Senegal (1983) 

1 passage in AP-61 cells 

2 passages in Vero cells 

 

 

 

Serial dilutions of viable virus were adsorbed to ELISA plates coated with either heparin 

or CS, and bound virus was quantified. We calculated a relative binding strength (RBS) for the 

binding of each strain to heparin and CS, where the RBS values refer to the relative concentration 

of virus at which 50% of GAG-binding sites are occupied. As expected, the attenuated 181/25 

strain displayed the highest-avidity binding to heparin (Figure 15A) and had the lowest RBS value 

of 7.9 x 106 genomes/sample (Table 3). The other strains tested also bound to heparin in a dose-

dependent manner (Figure 15A). The second-highest heparin-binding signals were detected for the 

ECSA strain with an RBS value of 1.8 x 107 genomes/sample, followed by moderate binding for 
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the Asian and West African strains (Figure 15A). The RBS values for heparin binding for the 

Asian strain was 2 x 107 genomes/sample and 3.6 x 107 genomes/sample for the West African 

strain (Table 3). In addition, all strains except the attenuated 181/25 strain bound to CS in a dose-

dependent manner (Figure 15B). For this reason, an RBS value for 181/25 binding to CS could not 

be calculated (ND, not determined; Table 3). A similar preference for HS binding relative to CS 

binding by 181/25 is observed during in vitro binding and infection of mutant Chinese hamster 

ovary cells (66). Similar to heparin binding, the highest binding signals to CS were detected for 

the ECSA strain, followed by moderate binding for the Asian and West African strains (Figure 

15B). The RBS values for CS binding were 1.4 x 107 genomes/sample for the ECSA strain, 2 x 

106 genomes/sample for the Asian strain, and 107 genomes/sample for the West African strain 

(Table 3). Notably, binding signals were generally lower in the CS binding assays relative to the 

heparin binding signals (Figure 15). Collectively, these data indicate that CHIKV strains from each 

clade directly bind in vitro to heparin and, to a lesser degree, CS, validating the microarray results 

that used CHIKV strain 37997 VLPs. These data also demonstrate strain-specific differences in 

GAG binding with the ECSA strain binding to heparin and CS with the highest avidity and the 

Asian strain binding to heparin and CS with the lowest avidity.  
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Figure 15. CHIKV strains bind directly to heparin and chondroitin sulfate. 

(A and B) Serial dilutions of each CHIKV strain, quantified by genome number, were adsorbed to wells of avidin-

coated ELISA plates bound with (A) biotinylated heparin or (B) biotinylated CS. (A and B) PBS was adsorbed to 

wells coated with heparin and CS as a negative control. Following washes to remove unbound virus, virus binding 

was detected using mouse monoclonal anti-CHIKV E2 antibody (CHK-187), secondary goat anti-mouse HRP-

conjugated antibody, and TMB substrate. Absorbance was measured at 450 nm for duplicate wells from three 

independent experiments. The dotted line indicates background levels of binding, as determined using PBS control 

wells. Error bars indicate SEM. Data were fit using a non-linear regression curve. 

 

 

Table 3. CHIKV binding to heparin and CS. 

Virus Heparin RBS Heparin - 95% CI CS RBS CS - 95% CI 

Attenuated 7.9 x 10
6
 6.13 x 10

6 
– 1.0 x 10

7
 ND ND 

ECSA 1.8 x 10
7
 1.3 x 10

7
 – 2.5 x 10

7
 1.4 x 10

7
 8.8 x 10

6
 – 2.4 x 10

7
 

Asian 2.0 x 10
7
 1.4 x 10

7
 – 2.9 x 10

7
 2.0 x 10

6
 5.9 x 10

5 
– 4.4 x 10

6
 

W. African 3.6 x 10
7
 2.2 x 10

7
 – 5.9 x 10

7
 1.0 x 10

7
 4.3 x 10

6
 – 2.5 x 10

7
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2.2.4 Characterization of cell lines 

While microarray and ELISA results demonstrate that multiple CHIKV strains directly 

bind GAGs, it was not clear whether this virus-glycan interaction contributes to virus binding and 

infection of cells. We characterized several cell lines to identify the most appropriate cells to test 

the requirement of GAGs for virus binding and infection in assays using enzymatic cleavage of 

GAGs or genetic disruption of GAG biosynthetic enzymes. Cell lines were assessed for GAG 

expression, Mxra8 (CHIKV entry receptor (102)) expression, CHIKV susceptibility, and 

karyotype. These were important parameters to test, as cell-surface receptor expression (102, 226, 

231, 236, 244–247, 250) and viral susceptibility (56, 92, 135, 136, 142, 143, 146, 148, 149, 154) 

vary by cell type. Quantification of the expression of GAG attachment factors and the Mxra8 entry 

receptor in our experimental system was essential to enable accurate conclusions to be drawn from 

our studies. We further considered the karyotype of cell lines to determine those most amenable 

to genetic disruption. We searched for a cell line with high HS and CS expression to conduct 

studies using enzymatic cleavage of cell-surface GAGs and a cell line with high HS or CS 

expression with a haploid or diploid karyotype as an ideal model to engineer GAG-expression 

genetic knock-out cells. Additionally, the identification of cell lines that express or lack Mxra8 

were of interest to investigate the requirement of GAGs for CHIKV binding and infection in the 

presence and absence of Mxra8. 

Baby hamster kidney fibroblasts (BHK-21) and African green monkey kidney epithelial 

cells (Vero-81), which are cell lines typically used to prepare and titer CHIKV stocks, respectively, 

express relatively high levels of cell-surface HS (Figure 16A and B). Vero cells also express high 

levels of CS; while BHK cells express little CS (Figure 16A and B). Murine cell lines, including 

3T3 fibroblasts and BV-2 microglial cells, also were assessed for GAG expression. 3T3 cells 
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express high levels of HS and low levels of CS (Figure 16C and D). BV-2 cells express relatively 

low levels of both HS and CS (Figure 16E and F). Finally, GAG expression was analyzed for four 

human cell lines: osteosarcoma (U-2 OS) cells, telomerized foreskin fibroblasts (HFF-1), 

immortalized synovial fibroblasts, and Hap1 cells. Relatively high levels of HS and CS are 

detected on U-2 OS cells (Figure 16A-L), synovial fibroblasts (Figure 16I and J), and HFF-1 cells 

(Figure 16G and H). Only HS is detected on Hap1 cells (Figure 16K and L). U-2 OS cells, which 

are commonly used for studies of CHIKV replication, were compared to each cell type analyzed 

for GAG expression (Figure 16). Interestingly, the level of GAG expression detected on U-2 OS 

cells changes slightly with each U-2 OS cell preparation, which may correlate with passage 

number. Higher HS expression was observed in cells passaged longer in cell culture (Figure 16 

and data not shown). Overall, the only cell types expressing both HS and CS are Vero, U-2 OS, 

HFF-1, and synovial fibroblast cells. Several cell types express HS with little to no expression of 

CS, including BHK, 3T3, and Hap1 cells. In contrast, little to no HS or CS are expressed on BV-

2 cells. 
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Figure 16. U-2 OS cells express relatively high levels of GAGs. 
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(A-L) U-2 OS, (A and B) BHK, Vero, (C and D) 3T3, (E and F) BV-2, (G and H) HFF-1, (I and J) synovial fibroblast, 

and (K and L) Hap1 cells were stained with antibodies specific for HS or CS, followed by Alexa-647 antibody. Cells 

were fixed with 4% PFA, and median fluorescence intensity (MFI) was quantified using flow cytometry. (A, C, E, G, 

I, K) Representative flow cytometric plots and (B, D, F, H, J, L) quantification of GAG profiles for triplicate wells 

from two-to-three independent experiments are shown. Data were normalized to secondary-antibody-only negative 

controls. Error bars indicate SEM. P values were determined by two-way ANOVA followed by Tukey’s multiple 

comparison test (*, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001). 

 

 

Mxra8 expression on mouse and human cell lines was analyzed using an approach 

analogous to that used to characterize GAG expression. U-2 OS cells express relatively high levels 

of Mxra8 (Figure 17). In contrast, 3T3 and Hap1 cells express little to no Mxra8 (Figure 17). Of 

the cell lines tested, we identified a cell line with high HS, CS, and Mxra8 expression (U-2 OS 

cells) as well as two cell lines that express high HS levels and little to no CS or Mxra8 (3T3 and 

Hap1 cells). These cell lines were used to define the requirement of GAGs and Mxra8, when 

expressed independently or together, for CHIKV binding and infection.  
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Figure 17. U-2 OS cells express relatively high levels of Mxra8. 

(A-D) U-2 OS, (A and B) 3T3, and (C and D) Hap1 cells were stained with antibodies specific for Mxra8, followed 

by Alexa-647 antibody. Cells were fixed with 4% PFA, and median fluorescence intensity (MFI) was quantified using 

flow cytometry. (A and C) Representative flow cytometric plots and (B and D) quantification of Mxra8 profiles for 

triplicate wells from three independent experiments are shown. Data were normalized to secondary-antibody-only 

negative controls. Error bars indicate SEM. P values were determined by two-way ANOVA followed by Tukey’s 

multiple comparison test (**, P < 0.01; ****, P < 0.0001). 

 

 

To assess CHIKV infection of the various cell lines characterized for receptor expression, 

we conducted FFU assays following infection of cells with the CHIKV attenuated strain 181/25 

and ECSA strain SL15649 at various MOIs. CHIKV infected all cells tested (Figure 18). As 
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expected, infection with 181/25, which has increased in vitro infection capacity (67), resulted in 

the highest level of infection in all cell lines tested relative to SL15649 (Figure 18). U-2 OS and 

3T3 cells were the most susceptible, with about 88% of 181/25 infected cells (MOI of 100 

PFU/cell) and 84% of SL15649 infected cells (MOI of 25 PFU/cell) (Figure 18A and B). Similarly, 

84% of HFF-1 cells were infected with 181/25 at a MOI of 25 PFU/cell (Figure 18E). Hap1 cells 

were infected less efficiently by both strains (Figure 18D). BV2 cells and synovial fibroblasts were 

least susceptible to 181/25 (Figure 18C and F). Overall, infection levels of 181/25 and SL15649 

were the greatest in U-2 OS and 3T3 cells, followed by HFF-1 and Hap1 cells. 
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Figure 18. U-2 OS and 3T3 cells are most permissive to CHIKV. 

(A) U-2 OS, (B) 3T3, (C) BV-2, (D) Hap1, (E) HFF-1, and (F) synovial fibroblast cells were adsorbed with CHIKV 

attenuated strain 181/25 or ECSA strain SL15649 at various MOIs. Cells were fixed with methanol at (A-C, E and F) 

6 h post-adsorption or (D) 18 h post-adsorption. (A-F) The percentage of infected cells was determined using an 

immunofluorescence FFU assay. Results are expressed as the mean percentage of infected cells for four fields of view 

per well in triplicate wells from two independent experiments. Error bars indicate SEM. 
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Finally, to identify a cell type amenable to genetic disruption using CRISPR-Cas9 

technology, I conducted a karyotyping analysis using ten G-banded metaphase spreads. Eight 

HFF-1 cell spreads had an apparently normal human male karyotype, while two spreads were 

tetraploid (Figure 19A and D). Each of the ten synovial fibroblast spreads had an abnormal and 

different karyotype with multiple rearrangements (Figure 19B and D). Dicentrics and marker 

chromosomes, which are structurally abnormal and ambiguous chromosomes, were present in 

eight of the synovial fibroblast spreads (Figure 19B and D). Two of the synovial fibroblast spreads 

contained decondensed, shredded chromosomes that were not amenable to counting (Figure 19B 

and D). The karyotype of U-2 OS cells also was abnormal. Each of the ten U-2 OS spreads had 

multiple rearrangements and marker chromosomes (Figure 19C and D). Nine U-2 OS spreads 

contained a single X chromosome, and one spread was devoid of any sex chromosomes (Figure 

19C and D). Overall, HFF-1 cells are the only cell type tested with a normal diploid karyotype. 
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Figure 19. Synovial fibroblasts and U-2 OS cells have abnormal karyotypes. 

(A) HFF-1, (B) synovial fibroblast, and (C) U-2 OS cell preps were sent to KaryoLogic for cytogenetic analysis. Ten 

G-banded metaphase spreads were analyzed for ploidy. A representative karyotype of a full metaphase spread is shown 
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for each cell type. Arrows point to aberrant chromosomes with partial deletions or additions. Dicentrics indicate 

chromosomes that do not pass through mitosis, leading to genetic instability over time. Marker chromosomes are 

structurally abnormal chromosomes that cannot be unambiguously identified by conventional banding cytogenetics. 

 

 

The characterization of mouse and human cell lines for GAG and Mxra8 expression, 

susceptibility to CHIKV, and karyotype were conclusive in identifying appropriate cells to test the 

requirement of GAGs for virus binding and infection. U-2 OS cells expressed the highest HS, CS, 

and Mxra8 levels (Figure 16 and 17) and were most susceptible to CHIKV infection relative to the 

other cells tested (Figure 18A), making them appropriate to assess the requirement of GAGs by 

CHIKV when the Mxra8 entry receptor is present. Hap1 cells expressed high levels of HS with no 

detectable CS or Mxra8 (Figure 16K and L; Figure 17C and D), making them appropriate to assess 

the requirement of HS by CHIKV in the absence of other known attachment factors and receptors. 

Additionally, the unique haploid nature of Hap1 cells (268) makes them more amenable to genetic 

alteration by CRISPR-Cas9, which is advantageous since the other cell types tested displayed 

multiploid and abnormal karyotypes (Figure 19). The following studies use U-2 OS and Hap1 cells 

to determine the requirement of GAGs for CHIKV binding and infection. 

2.2.5 CHIKV binding and infection depends on GAG expression 

Results obtained thus far demonstrate that multiple CHIKV strains bind GAGs in vitro. To 

determine whether CHIKV-GAG interactions contribute to binding and infection of cells, we 

treated U-2 OS cells with a combination of heparinases (HSase) or chondroitinases (CSase) and 

assessed the cells for GAG expression, virus binding, and virus infectivity. Treatment with HSase 
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I/II/III or CSase ABC specifically and efficiently reduced levels of cell-surface HS and CS, 

respectively (Figure 20A and B). Following GAG cleavage, Mxra8 expression did not change 

(data not shown). HS was required for efficient cell binding, as cleavage of HS reduced binding 

for all CHIKV strains studied (Figure 20C). As expected, binding of the attenuated 181/25 strain, 

which has enhanced HS binding capacity (66, 68), was reduced by 95% following HS cleavage 

(Figure 20C). Binding of the mosquito and clinical CHIKV strains was reduced by 23 to 44% 

following HS cleavage (Figure 20C). Cleavage of CS decreased binding of some CHIKV strains, 

with the ECSA strain reduced by 29%, a reduction greater than that observed for the other strains 

(Figure 20C). Additionally, cleavage of HS diminished infectivity of all CHIKV strains by 34 to 

55% (Figure 20D). Cleavage of CS did not greatly affect infectivity (Figure 20D), suggesting an 

importance of HS, but not CS, for CHIKV infection of U-2 OS cells. These data indicate that all 

strains tested depend on HS to bind to cells, while some strains also depend on CS for efficient 

cell attachment. Efficient infection of U-2 OS cells requires HS binding. 
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Figure 20. Enzymatic cleavage of HS reduces binding and infection of CHIKV. 

(A-D) U-2 OS cells were treated with a combination of heparinases (HSase I/II/III) or chondroitin sulfatases (CSase 

ABC) at a final concentration of 2 mIU/mL. (A and B) Cells were stained with antibodies specific for HS or CS, 

followed by Alexa-647 antibody. Cells were fixed with 4% PFA, and MFI was quantified using flow cytometry. (A) 

Representative flow cytometric plots and (B) quantification of GAG profiles for duplicate wells from three 

independent experiments. Data were normalized to secondary-antibody-only negative controls. (C) U-2 OS cells were 

adsorbed with 108 genomes/sample of the CHIKV strains shown at 4°C for 2 h and washed three times to remove 

unbound virus. Total RNA was purified using TRIzol, and CHIKV RNA was quantified using RT-qPCR. (D) U-2 OS 

cells were adsorbed with the attenuated CHIKV strain (181/25) at an MOI of 1 PFU/cell and the ECSA (SL15649), 

Asian (H20235), and W. African (37997) strains at an MOI of 5 PFU/cell. Cells were fixed with methanol at 18 h 

post-adsorption, and the percentage of infected cells was determined using an immunofluorescence FFU assay. (C and 

D) Data were normalized to untreated controls. Results are expressed as (C) mean percentage of binding in triplicate 

wells from three independent experiments and (D) mean percentage of infected cells for four fields of view per well 
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in triplicate wells from three independent experiments. (B-D) Error bars indicate SEM. P values were determined by 

(B) two-way ANOVA followed by Tukey’s multiple comparison test or (C and D) one-way ANOVA followed by 

Tukey’s multiple comparison test (*, P < 0.05; ***, P < 0.001; ****, P < 0.0001). 

 

 

To investigate the requirement of HS for efficient CHIKV cell binding and infection when 

Mxra8 and CS are absent, we used human haploid Hap1 cells. Wild-type (WT) Hap1 cells 

abundantly express HS and have low to no expression of CS and Mxra8 (Figures 16 and 17). These 

features make Hap1 cells suitable for studies to determine whether HS is required for CHIKV 

binding and infection in the absence of other known attachment factors and receptors. Due to their 

haploid nature, Hap1 cells also are more amenable to genetic alteration. We used B3GAT3-/- Hap1 

cells, engineered using CRISPR-Cas9 technology (100), that have a targeted disruption of the 

B3GAT3 gene, which encodes beta-1,3-glucuronyltransferase 3 (B3GAT3). B3GAT3 catalyzes 

the transfer of glucuronic acid to galactose, which is a required step in the biosynthesis of heparin, 

HS, and CS/DS (231). Compared with WT Hap1 cells, B3GAT3-/- cells exhibit diminished GAG 

expression (Figure 21A and B). However, neither WT Hap1 cells nor B3GAT3-/- cells express 

detectable levels of Mxra8 (data not shown). B3GAT3-/- cells complemented with a B3GAT3-

expressing plasmid display GAG expression comparable to WT levels (Figure 21A and B). WT, 

B3GAT3-/-, and complemented B3GAT3-/- cells were tested for CHIKV binding and infection. 

Binding of all CHIKV strains tested to B3GAT3-/- cells was reduced by 74 to 97% compared with 

binding to WT cells, and complementation of the B3GAT3-/- cells restored binding by 43 to 82% 

(Figure 21C). Infection of B3GAT3-/- cells by all CHIKV strains tested was diminished by 92 to 

100% relative to WT cells (Figure 21D). Complementation of B3GAT3-/- cells with B3GAT3 

partially restored infection (Figure 21D). The lack of full restoration of binding and infection to 
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WT levels after complementation of B3GAT3-/- cells may be due to differences in HS expression 

by WT and complemented B3GAT3-/- cells (Figure 21A). Overall, these data indicate that CHIKV 

requires HS for binding to and infection of Hap1 cells and emphasize the importance of HS as a 

CHIKV attachment factor when other ligands like CS or Mxra8 are absent. 
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Figure 21. Genetic disruption of GAG biosynthesis reduces CHIKV binding and infection. 

(A and B) WT, B3GAT3-/-, and complemented B3GAT3-/- Hap1 cells were stained with antibodies specific for HS or 

CS, followed by Alexa-647 antibody. Cells were fixed with 4% PFA, and MFI was quantified using flow cytometry. 

(A) Representative flow cytometric plots and (B) quantification of GAG profiles for triplicate wells from three 

independent experiments. Data were normalized to secondary-antibody-only negative controls. (C) WT, B3GAT3-/-, 

and complemented B3GAT3-/- Hap1 cells were adsorbed with 108 genomes/sample of the virus strains shown at 4°C 

for 2 h and washed three times to remove unbound virus. Total RNA was purified using TRIzol, and CHIKV RNA 

was quantified using RT-qPCR. (D) WT, B3GAT3-/-, and complemented B3GAT3-/- Hap1 cells were adsorbed with 

the attenuated CHIKV strain (181/25) at an MOI of 2.5 PFU/cell and the ECSA (SL15649), Asian (H20235), and W. 

African (37997) strains at an MOI of 10 PFU/cell. Cells were fixed with methanol at 18 hpi, and the percentage of 

infected cells was determined using an immunofluorescence FFU assay. (C and D) Data were normalized to WT cells. 

Results are expressed as (C) mean percentage of binding in triplicate wells from three independent experiments and 

(D) mean percentage of infected cells for four fields of view per well in triplicate wells from two independent 
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experiments. (B-D) Error bars indicate SEM. P values were determined by (B) two-way ANOVA followed by Tukey’s 

multiple comparison test or (C and D) one-way ANOVA followed by Tukey’s multiple comparison test (*, P < 0.05; 

***, P < 0.001; ****, P < 0.0001). 

2.3 Discussion 

The specific glycans used by different strains of CHIKV as attachment factors have not 

been well understood. In this chapter, I report that sulfated GAGs are the glycans preferentially 

bound by CHIKV. The strongest binding occurred with HS and heparin, followed by CS. All 

human- and mosquito-isolated CHIKV strains tested directly bound to heparin and CS. HS was 

required for efficient binding and infection of U-2 OS and Hap1 cells, while CS was required only 

by some strains to efficiently attach to U-2 OS cells. Moreover, the requirement of GAGs for 

CHIKV binding and infection inversely correlated with levels of Mxra8 receptor expression. 

Collectively, these data suggest that HS, and to a lesser extent CS, function as attachment factors 

for several CHIKV strains. 

CHIKV displays broad cell, tissue, and species tropism (8, 133), which may correlate with 

the attachment factors or entry receptors used by the virus. Previous studies, as well as this work, 

identified sulfated GAGs as CHIKV attachment factors (66, 99, 100) (Figure 20 and 21). These 

glycans are ubiquitously expressed in humans and mosquitoes (226, 231, 232), including the 

specific cells and tissues that CHIKV infects. Many pathogenic viruses, including viruses in the 

alphavirus family (203–206, 213, 221) as well as other virus families (207–212, 214, 269–272), 

bind GAG attachment factors to attach to cells. For example, enterovirus 71 (EV-71), which 

displays broad tissue tropism (273) like CHIKV, specifically binds HS as an attachment factor 
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(214). An alphavirus, eastern equine encephalitis virus, also binds HS attachment factors (204). 

Strains of both EV-71 and eastern equine encephalitis virus with enhanced HS binding capacity 

csn display broadened tissue tropism and enhanced virulence (203, 204, 274). Thus, GAG 

attachment factor binding can influence viral tropism and virulence. 

Although GAGs are CHIKV attachment factors, the specific GAG structures required for 

CHIKV binding had not been defined. GAG types and structures vary in different cells, tissues, 

and organisms, and the interactions between GAGs and proteins are often mediated by the 

structural characteristics of GAG chains. GAG types differ in their composition of repeating 

disaccharide units, which can facilitate specific interactions with chemokines, growth factors, 

enzymes, and viral proteins (199, 240, 275). The glycan microarray analyses we conducted 

identified sulfated GAGs as the primary glycan type bound by chikungunya VLPs (Figure 13) with 

HS and heparin most strongly bound (Figure 14). Similarly, binding signals were generally lower 

in the CS ELISAs relative to the heparin ELISAs, suggesting a preference of CHIKV for binding 

to heparin (Figure 15). On the glycan microarrays, some weak binding also was detected to non-

GAG glycans, which may prompt further investigation into these CHIKV-glycan interactions. 

Interestingly, the iduronic acid-containing GAGs, HS, heparin, and CS-B (DS), which are 

abundantly expressed in cells and tissues infected by CHIKV (226, 231, 232, 236, 244–247), had 

the highest binding signals with VLPs relative to other GAGs tested (Figure 14). This is 

reminiscent of the GAG binding properties of respiratory syncytial virus (RSV), which require 

iduronic acid-containing GAGs for in vitro infection (212). 

GAG oligosaccharide chain length is another important structural characteristic that 

influences binding to many ligands, including chemokines, growth factors, tau aggregates, and 

viral proteins (276, 277). We found that longer, sulfated GAGs are generally bound more 
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efficiently by CHIKV (Figure 13 and 14). VLPs bound more efficiently to longer rather than 

shorter chains of almost every GAG type (Figure 15). The requirement of longer GAG chains for 

virus binding has been observed for many viruses (271, 272, 278–280). For example, RSV requires 

heparin with a minimum 10-mer chain for efficient binding (271), and Zika virus preferentially 

binds 8- to 18-mer heparin chains (272). Further investigation is required to determine the optimum 

chain length required for each GAG type to promote binding of different CHIKV strains.  

Sulfation modifications along the GAG chain also regulate ligand binding (281). Our 

studies indicate that the degree of sulfation is an important factor in CHIKV-GAG binding, which 

is consistent with previous findings, demonstrating that N-sulfation of HS chains is required for 

CHIKV infection in vitro (100). VLPs bound to all sulfated GAGs and dextran sulfate but not to 

hyaluronan or dextran, which are unsulfated glycans (Figure 14). GAG sulfation also influences 

the binding of several other viruses (269–271, 282–284). In fact, specific sulfation modifications 

on HS chains are important for virus-GAG interactions, such as 3-O sulfation for herpes simplex 

virus 1 (283, 284) and N-sulfation for RSV (271). Although we found that sulfation of GAG chains 

is required for CHIKV binding, the specific sulfation patterns necessary for CHIKV engagement 

remain unknown. Given that expression of many sulfation-modifying enzymes is tissue-specific 

(233, 285, 286), identifying the specific modifications necessary for CHIKV binding could 

enhance our understanding of its tropism and help define more specific cell-attachment inhibitors. 

Collectively, our glycan microarray analyses suggest that CHIKV most efficiently binds longer, 

sulfated GAGs with a preference for HS and heparin. As GAG mimetics are a possible therapeutic 

for alphavirus and flavivirus disease (287–290), understanding the unique GAG sequences 

required for efficient CHIKV binding may foster development of new classes of GAG-based 

antiviral agents. 



 76 

In addition to identifying specific GAGs bound by CHIKV, we evaluated strain-specific 

differences in GAG attachment during infection of cells. Strain differences have been observed in 

CHIKV tropism and virulence (58, 67, 291). Therefore, it is important to know whether CHIKV 

strains also differ in attachment factor binding, which often is a determinant of tropism and 

virulence. Several cell-culture-adapted alphaviruses (223, 225, 292), including CHIKV strain 

181/25 (66, 67, 165), bind strongly to GAGs. GAG binding was previously thought to be 

attributable to a cell-culture adaptation that was dispensable for infection by naturally circulating 

alphavirus strains. However, evidence has accumulated supporting a role for GAG binding by 

clinically relevant, non-culture-adapted alphaviruses (66, 67, 204–206, 213). Using viruses that 

were minimally passaged in culture, we discovered that the ECSA strain bound most efficiently to 

heparin and CS (Figure 15) and was the only strain that required both HS and CS expression to 

efficiently bind to U-2 OS cells (Figure 20C). In contrast, the Asian strain bound less efficiently 

to GAGs (Figure 15), and virus binding was least affected by HS cleavage on U-2 OS cells (Figure 

20C) and the absence of HS on Hap1 B3GAT3-/- cells (Figure 21C). These results parallel the 

requirement for Mxra8 utilization for infection of fibroblasts in vitro, with Asian and ECSA strains 

showing full and partial Mxra8-dependence for infection, respectively (102). Similarities between 

the strains also were observed. All CHIKV strains tested required HS to efficiently bind and infect 

U-2 OS and Hap1 cells (Figure 20 and 21). Interestingly, following HS cleavage of U-2 OS cells, 

residual CHIKV binding (56-77%) and infection (44-66%) was observed (Figure 20C and D). 

However, residual CHIKV binding to (19-26%) and infection of (1-9%) Hap1 B3GAT3-/- cells was 

significantly less (Figure 21C and D). The low expression of Mxra8 and CS on Hap1 cells 

compared to U-2 OS cells may influence the observed differences in residual binding and infection. 

These data suggest that although HS is required for efficient CHIKV binding and infection, the 
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magnitude of the requirement is inversely correlated to the abundance of entry receptor expression. 

Additionally, the residual binding to and infection of Hap1 B3GAT3-/- cells, which express little to 

no GAGs or Mxra8, suggests the presence of an unidentified cell-surface molecule engaged by 

CHIKV or a route of viral entry other than receptor-mediated endocytosis. 

Findings reported in this chapter contribute to an understanding of the interactions between 

CHIKV and the cell-surface molecules that promote virus attachment. We have identified specific 

GAG types to which CHIKV binds as well as differences in the binding efficiency of CHIKV to 

specific GAGs. Using clinically relevant CHIKV strains, we discovered strain-specific differences 

in GAG binding and the requirement of GAGs for attachment and infection of cultured cells. Our 

data demonstrate that multiple strains of CHIKV bind HS and CS as attachment factors, likely 

promoting initial cell attachment and allowing the virus to concentrate at the cell surface before 

engaging entry receptors. CHIKV interactions with widely expressed GAGs may contribute to the 

broad cell, tissue, and species tropism observed for CHIKV. Overall, findings reported here define 

critical interactions between CHIKV and GAG attachment factors and improve understanding of 

the multistep process of cell attachment for CHIKV. 
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3.0 Residues in the CHIKV E2 glycoprotein domain A, domain B, and arch are required 

for GAG binding  

3.1 Introduction 

The structural requirements of GAG-protein interactions are complex. GAG chain 

structure, including sulfation, disaccharide composition, and length are important characteristics 

that influence ligand binding (242, 276, 293, 294). The pattern of sulfation modifications on GAG 

chains is referred to as the sulfation code, which is key to ligand recognition. The organization and 

pattern of sulfated and unsulfated domains of GAG chains contributes to the specificity of protein 

binding (242). For example, endostatin-HS engagement requires HS chains with two N-sulfated 

regions separated by at least one unsulfated GlcNAc monosaccharide (295). Specific sulfation 

modifications also regulate virus-GAG binding. N-sulfation of HS is required for CHIKV and 

respiratory syncytial virus binding (271), and 3-O sulfation of HS is required for herpes simplex 

virus 1 binding (283, 284).  

Disaccharide composition and sulfation both contribute to the internal mobility of GAG 

chains. The combination of unsulfated domains and the presence of IdoA residues promotes chain 

flexibility. The variable flexibility of different regions of a GAG chain can influence protein 

binding and allow for multiple ligand interactions to occur on the same GAG chain (293, 294, 

296). IdoA is required for efficient GAG binding to several proteins, such as fibroblast growth 

factors (297), respiratory syncytial virus (212), and CHIKV (224) (Figure 14).  

GAG chain length also plays a role in the binding of proteins, such as chemokines, growth 

factors, tau aggregates, and viral proteins (276, 277). Data presented in Chapter 2 indicate that 
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longer, sulfated GAGs are generally bound more efficiently by CHIKV (224) (Figure 14). 

Additionally, respiratory syncytial virus requires heparin with a minimum 10-mer chain for 

efficient binding (271), and Zika virus preferentially binds 8- to 18-mer heparin chains (272). 

Structural features of protein binding partners of GAGs also influence the affinity of 

protein-GAG interactions. Consensus sequences have been identified as common, evolutionarily 

conserved protein motifs that mediate GAG binding (293). The CW motif, named for the scientists 

who discovered this sequence (Cardin and Weintraub), is found in heparin and HS-binding 

proteins. The CW consensus sequences are X-B-B-X-B-X and X-B-B-B-X-X-B-X, where B is an 

arginine or lysine residue and X is a hydrophobic amino acid. Specific arrangements of these 

residues in protein secondary structures are important for GAG-protein interactions. Beta-strand 

and alpha-helical structures containing CW sequences are structured with basic amino acids 

aligned on one face of the strand or helix and hydrophobic amino acids on the other, pointing into 

the protein core (298). The three-dimensional arrangement of basic amino acids also influences 

binding. An analysis of 437 heparin-binding proteins revealed the presence of short, widely-spaced 

GAG-binding consensus sequences throughout heparin-binding proteins instead of longer 

conserved sequences. This analysis suggests that the three-dimensional arrangement of consensus 

sequences is the evolutionarily conserved element rather than the primary sequences of basic 

amino acids, emphasizing the importance of placement of consensus GAG-binding sequences in 

the tertiary structure of a protein (299).  

In addition to the positively charged arginine, lysine, and histidine residues of GAG-

binding consensus sequences, other uncharged, polar residues like asparagine and glutamine also 

can influence GAG binding (293, 300). Whereas the ionic interactions between positively charged 

amino acids and negatively charged GAGs are clearly important, non-ionic binding between GAGs 
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and their ligands can contribute to protein-GAG engagement (242, 301, 302). Hydrogen bonding 

by uncharged residues like asparagine and glutamine can mediate GAG-protein interactions (293, 

300). Computational, biochemical, and structural data have confirmed the requirement of 

asparagine and glutamine in several GAG-binding proteins (300). Furthermore, a conserved 

structural motif composed of one polar residue, such as asparagine and glutamine, and two basic 

residues, such as arginine and lysine, was identified in heparin-binding proteins. The spatial 

arrangement of the three residues dictates specific distances between basic (cationic) and polar 

residues. This cation-polar-cation (CPC) motif is the minimum structural requirement for the 

heparin-binding proteins (303). 

Overall, the interactions between GAGs and proteins are complicated and driven by 

structural features of both molecules. Depending on the protein, GAG binding can be non-

specifically mediated by charge, which is observed with HS-thrombin interactions (242, 304). 

Alternatively, GAG-protein interactions can be specific, requiring particular sulfation 

modifications or residues. This specific interaction with GAGs is observed for fibroblast growth 

factor, anti-thrombin, interleukin-8, and interferon-gamma (242, 305–308).  

The research described in this chapter was a collaborative project. The structural analysis 

identifying basic, surface-exposed residues on the CHIKV trimer was conducted by Dr. Laurie 

Silva. The infectious clone of SINV-CHIKV chimera, consisting of the CHIKV LR2006-OPY 

structural cassette, was provided by William Klimstra, and Adam Brynes assisted in the cloning 

of the SINV-CHIKV chimera to incorporate the CHIKV SL15649 structural cassette. Dr. Anthony 

Lentscher, Adam Brynes, and Abby Orzechowski assisted in the design and generation of single 

alanine mutant viruses, as well as the quantification (Table 4) and characterization of mutant 
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viruses (Figures 25, 26, and 28). James Martin and Elana Lancia also assisted in virus 

quantification (Table 4).  

3.2 Results 

3.2.1 Structural analysis of the CHIKV trimer 

The specific CHIKV residues that mediate virus-GAG interactions are not known. As a 

first step to define regions of the virion that contact GAG chains, I analyzed the structure of the 

CHIKV trimer and compared these observations to findings made in mutagenesis studies with 

CHIKV and other alphaviruses. The CHIKV E2 glycoprotein mediates binding to receptors and 

attachment factors on the cell membrane (66, 67, 99, 218, 309, 310) and is the most solvent-

exposed protein on the virion surface (27). We hypothesized that residues in E2 are most likely to 

interact with GAG chains. Furthermore, since negatively charged GAGs interact with positively 

charged amino acids, we sought to identify basic, surface-exposed residues of the CHIKV E2 

glycoprotein that potentially bind GAG chains. Following this sequence and structural analyses, 

38 basic, surface-exposed residues were identified in E2 (Figure 22A and B).  

Regions of the CHIKV E2 glycoprotein that potentially mediate GAG interactions were 

previously identified in mutagenesis studies, including residues near E79 and G82 (66, 67, 165). 

When these residues are exchanged with a lysine or arginine, respectively, GAG-binding capacity 

is enhanced (66, 67, 165). Two surface-exposed, basic amino acids are located near residues 79 

and 82 in the tertiary structure of CHIKV E2, R80 and R86, which have yet to be investigated for 

GAG binding. Molecular docking techniques suggest that residues R104, K107, and R144 in the 
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E2 glycoprotein domain A and arch interact with GAGs (218). Additionally, studies with other 

alphaviruses have provided clues about surface-exposed, positively-charged E2 residues that may 

be important for CHIKV-GAG binding. Mutation of SINV E2 N62 to aspartate decreases HS 

binding (229). This residue aligns with CHIKV E2 residue T65, which is located near several 

surface-exposed, basic residues in the E2 tertiary structure, including K57, H62, K66, and R68. A 

SINV E2 E70K mutation leads to increased HS binding (229). This residue aligns with CHIKV 

E2 residue N72, which is located adjacent to H73 in the E2 tertiary structure. A SINV E2 S114R 

mutation as well as VEEV E2 E117K and T120K mutations lead to increased HS binding (217, 

220, 223). These residues align with CHIKV E2 residues G114, S118, and S122, respectively. 

There are several surface-exposed, basic residues in this region of E2, including R119, K120, 

H123, and H127. SINV E2 R157H and K159E mutations lead to decreased HS binding (229). 

These residues align with CHIKV E2 Q158 and T160, which are located near K140, R144, and 

K149. Finally, a SINV E2 K230M mutation causes decreased HS binding (229), and this residue 

aligns with CHIKV E2 V229, which is located near K200 and R267 in the tertiary structure of 

CHIKV E2 and near a CW heparin-binding consensus sequence located in E2 domain B from 

residues 250 to 255 (DRKGKI), which has been implicated in GAG binding (66). Overall, these 

analyses implicate 18 residues in the CHIKV E2 glycoprotein in GAG-binding (Figure 22C and 

D). 
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Figure 22. Structural analysis of CHIKV E1/E2 glycoprotein trimer. 

(A and C) Top and (B and D) side view of the CHIKV E1/E2 trimer (E1, grey; E2, red). (A and B) All 38 basic, 

surface-exposed residues in E2 (SL15649 strain) are colored in purple. (C and D) The 18 putative basic, surface-

exposed residues that will be tested for their function in GAG binding based on support from published mutagenesis 

studies using CHIKV and other alphaviruses are likewise colored in purple. 
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3.2.2 Alanine mutagenesis to recover single alanine mutant viruses 

To determine whether the selected 18 putative E2 GAG-binding residues function in GAG 

interactions, I conducted alanine mutagenesis. Mutant viruses were engineered by individually 

exchanging the surface-exposed, basic E2 residues of interest with alanine (Figure 23). The 18 

residues chosen for mutagenesis were basic, surface-exposed E2 residues that were supported by 

previously published studies with CHIKV and other alphaviruses. Alanine was used for 

substitution because of its small, nonpolar, aliphatic nature (311). Mutations were introduced into 

SINV-CHIKV chimeric viruses, consisting of the SINV non-structural proteins and the CHIKV 

(SL15649) structural proteins (102, 223) to enable studies using BSL-2 conditions.  
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Figure 23. Alanine mutant viruses engineered for this study. 

(A) Top and (B) side view of the E1/E2 trimer structure (E1, grey; E2 domain A, blue; E2 domain B, green; E2 arch, 

purple; E2 domain C, pink). (C) Table of alanine mutant viruses. 

 

 

Following alanine mutagenesis, stocks of each mutant virus were quantified for infectious 

virus particles (PFU/mL of culture supernatant) and number of genomes (genomes/mL of culture 

supernatant) (Table 4). Genome-to-PFU ratios were determined to quantify viral fitness. Higher 

ratios indicate that progeny virions are not as infectious. Unconcentrated WT virus had a 

genome/PFU ratio of 84.6 (Table 4). Similarly, K57A, H62A, K66A, R68A, and K107A had 

genome/PFU ratios ranging from 50.99 to 77.88 (Table 4). Lower genome/PFU ratios were 
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observed for R80A, R104A, R119A, K120A, and H123A, ranging from 2 to 11 times lower than 

the WT genome/PFU ratio (Table 4). In contrast, H73A, K144A, and R267A had slightly higher 

genome/PFU ratios, ranging from 1.2 to 1.7 times higher than WT genome/PFU ratio (Table 4). 

K140A had a genome/PFU ratio 2.8 times higher than WT genome/PFU ratio (Table 4). K149A 

and K200A had genome/PFU ratios approximately 3.5 times higher than WT genome/PFU ratio 

(Table 4). Mutant viruses R86A and H127A had the highest genome/PFU ratios, which were 11 

and 46 times higher than the WT genome/PFU ratio, respectively (Table 4). Overall, most alanine 

mutants had similar or lower genome/PFU ratios relative to WT (K57A, H62A, K66A, R80A, 

R68A, R104A, K107A, R119A, K120A, and H123A). However, eight viruses (H73A, R86A, 

H127A, K140A, K144A, K149A, K200A, and R267A) had higher genome/PFU ratios relative to 

WT, with H127A having the highest ratio, indicating a reduction in viral fitness. 
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Table 4. Chimeric SINV-CHIKV alanine mutant viruses. 

Virus Genomes/mL PFU/mL Genome/PFU ratio 

WT* 5.92E9 7.0E7 84.6 

K57A 8.8E10 1.13E9 77.88 

H62A 1.81E11 3.55E9 50.99 

K66A 1.72E11 2.48E9 69.35 

R68A 1.17E9 2.2E7 53.18 

H73A 1.53E11 1.12E9 136.61 

R80A 9.58E10 2.13E9 44.98 

R86A 2.02E10 2.2E7 918.18 

R104A 2.6E9 3.4E8 7.65 

K107A 2.5E10 4.89E8 51.12 

R119A 3.85E10 1.2E9 32.08 

K120A 2.12E10 1.15E9 18.43 

H123A 1.96E9 2.53E8 7.75 

H127A 1.25E8 3.23E4 3869.97 

K140A 1.69E11 7.08E8 238.70 

R144A 6.87E10 6.8E8 101.03 

K149A 3.28E11 1.08E9 303.70 

K200A 1.95E11 6.68E8 291.92 

R267A 9.36E10 6.59E8 142.03 

 

*WT virus was the only virus that was unconcentrated. All other mutant viruses were 

concentrated according to Chapter 5.0 Material and Methods. 

 

Mutant viruses were assessed for intact glycoprotein folding using ELISAs. Serial dilutions 

of virus were adsorbed to ELISA plates coated with a conformationally-specific monoclonal 

antibody (CHK-152), which binds across E2 domain A and B (312) (Figure 24), and bound virus 
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was quantified. Relative to WT virus as a control, all mutant viruses except R68A and H127A 

bound to CHK-152 antibody, suggesting that E2 glycoprotein conformation was intact despite the 

alanine substitution (Figure 25). While all but two mutants bound to CHK-152, variability in 

binding signal was observed. Some of the residues exchanged with alanine are located near CHK-

152-binding sites in the E2 sequence, including K57, H73, R80, and K200 (Figure 24), which 

could affect recognition of these viruses by CHK-152. H73A, R80A, and K200A were among the 

many mutants that bound to CHK-152 less efficiently compared with WT virus (Figure 25). 

Overall, these data suggest that the alanine mutant viruses are structurally intact with the exception 

of R68A and H127A, which were not included in further analyses.  
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Figure 24. Antibody mapping in the E2 glycoprotein. 

The mapped epitopes in the primary CHIKV (SL15649 strain) E2 glycoprotein sequence of mouse monoclonal 

antibody CHK-152 used in conformational ELISAs, mouse monoclonal antibody CHK-187 used in GAG ELISAs, 

and human monoclonal antibodies 2H1 and 4N12 used in conformational and Mxra8 ELISAs (312, 313). The 18 

putative E2 residues selected for alanine mutagenesis are underlined. 
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Figure 25. E2 alanine mutant viruses are recognized by a conformationally-specific antibody. 

Equivalent genomes/mL of each virus (1.25E8) were adsorbed to ELISA plates bound with conformationally-specific 

anti-E2 antibody CHK-152. PBS was adsorbed to wells as a control. Following washes to remove unbound virus, 

virus binding was detected using a mixture of human anti-E2 antibodies 4N12 and 2H1, secondary goat anti-human 

HRP-conjugated antibody, and TMB substrate. Absorbance was quantified at 450 nm for duplicate wells from one-

to-three independent experiments. The dotted line indicates background levels of binding in PBS control wells. Error 

bars indicate SEM. P values were determined by one-way analysis of variance (ANOVA) followed by Tukey’s 

multiple comparison test (*, P < 0.05). Statistics presented within the graph indicate statistical significance only of 

mutant viruses relative to WT virus. 

 

3.2.3 Characterization of attachment factor and receptor binding 

To determine the importance of each E2 residue for GAG binding, 16 alanine mutant 

viruses were tested for heparin binding by ELISA. Serial dilutions of virus were adsorbed to 

ELISA plates coated with heparin, and bound virus was quantified. Eight mutant viruses displayed 
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similar or higher binding signals to heparin relative to WT virus (Figure 26A). K66A and R80A 

bound to heparin with similar binding signals compared with WT virus (Figure 26A). H62A, 

H73A, K107A, K140A, R144A, and R267A viruses bound to heparin with higher binding signals 

compared with WT (Figure 26A), with the E2 K107A and K140A viruses displaying the highest 

binding signals. At 6.25E7 genomes/mL, the K107A and K140A heparin-binding signals were 1.7 

and 1.3 times higher than the WT heparin-binding signal, respectively.  

In contrast, the other eight mutant viruses, K57A, R86A, R104A, R119A, K120A, H123A, 

K149A, and K200A, displayed lower binding signals to heparin relative to WT virus (Figure 26B). 

The greatest effects on heparin binding were observed with the K57A, R104A, R119A, K120A, 

H123A, and K149A viruses. H123A displayed the largest reduction in heparin binding. At 6.25E7 

genomes/mL, the H123A heparin-binding signal was just above background levels and 7 times 

lower than the WT heparin-binding signal. Overall, these data suggest that E2 residues K57, R86, 

R104, R119, K120, H12A, K149, and K200 in domain A, domain B, and arch (Figure 27) function 

in GAG binding. 
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Figure 26. Alanine mutagenesis of eight E2 glycoprotein residues reduce heparin binding capacity. 

(A) Mutant viruses with similar or greater heparin-binding capacity relative to WT virus. (B) Mutant viruses with 

reduced heparin-binding capacity relative to WT. (A and B) Serial dilutions of each virus, quantified by genome 

number, were adsorbed to wells of avidin-coated ELISA plates bound with biotinylated heparin. PBS was adsorbed 

to wells coated with heparin and CS as a negative control. Following washes to remove unbound virus, virus binding 

was detected using mouse monoclonal anti-CHIKV E2 antibody (CHK-187), secondary goat anti-mouse HRP-

conjugated antibody, and TMB substrate. Absorbance was quantified at 450 nm for duplicate wells from three 

independent experiments. The dotted line indicates background levels of binding, as determined using PBS control 

wells. Error bars indicate SEM. Data were fit using a non-linear regression curve. 
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Figure 27. GAG-binding residues in the E2 glycoprotein. 

(A) Top and (B) side view of the E1/E2 trimer structure (E1, grey; E2 domain A, blue; E2 domain B, green; E2 arch, 

purple; E2 domain C, pink). GAG-binding residues in the E2 glycoprotein that were identified using ELISAs are 

colored in yellow (K57, R86, R119, K120, H123, K149, and K200). 

 

 

To determine whether the eight putative GAG-binding E2 residues also influence Mxra8 

entry receptor engagement, alanine mutant viruses with the lowest heparin binding signals (K57A, 

R104A, R119A, K120A, H123A, and K149A) were analyzed for Mxra8 binding by ELISA. Serial 

dilutions of virus were adsorbed to ELISA plates coated with anti-CHIKV antibodies, mouse 
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Mxra8 protein conjugated to Fc was added to wells, and virus-Mxra8 binding was quantified. Two 

distinct phenotypes were observed. Three viruses (K57A, K120A, and K149A) displayed similar 

or slightly higher binding to Mxra8 relative to WT, while the other three viruses (R104A, R119A, 

and H123A) were diminished in Mxra8 binding (Figure 28). At 1.25E8 genomes/mL, the K120A 

and K149A Mxra8-binding signals were 1.3 times higher than the WT Mxra8-binding signal. 

Similarly, the K57A Mxra8-binding signal was 1.5 times higher than the WT Mxra8-binding 

signal. In contrast, R104A displayed a Mxra8-binding signal that was 2.7 times lower than that of 

WT. R119A and H123A displayed the largest reduction in Mxra8 binding with ELISA binding 

signals approximately 5 times lower than that of WT. R119 and K120 are located near the 2H1 

and 4N12 epitopes in the E2 sequence (Figure 24), which could affect antibody capture of the 

mutants to the ELISA plates used to test Mxra8 binding. Collectively, these data indicate that E2 

residues (K57, R104, and R119) are required for both GAG and Mxra8 binding, suggesting an 

overlap in the GAG- and Mxra8-binding sites on the E2 glycoprotein. 
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Figure 28. Alanine mutagenesis of three E2 glycoprotein residues reduce Mxra8 binding capacity. 

Serial dilutions of each virus, quantified by genome number, were adsorbed to ELISA plates with human CHIKV anti-

E2 antibodies (4N12 and 2H1). PBS was adsorbed to wells as a control. Following washes to remove unbound virus, 

mouse Mxra8-Fc, secondary goat anti-mouse HRP-conjugated antibody, and TMB substrate were added to detect 

virus binding. Absorbance was quantified at 450 nm for duplicate wells from two independent experiments. The dotted 

line indicates background levels of binding, as determined using PBS control wells. Error bars indicate SEM. Data 

were fit using a non-linear regression curve. 

 

 

To ensure that the alanine mutations were specifically attenuated for GAG binding, mutant 

viruses with diminished GAG binding were tested for the capacity to bind to WT and B3GAT3-/- 

Hap1 cells. WT Hap1 cells express abundant levels of HS, low levels of CS, and no detectable 

human Mxra8 (Figures 16 and 17). In contrast, B3GAT3-/- cells express little to no HS, CS, or 

Mxra8 (Figure 21). These features make Hap1 cells suitable to test GAG binding in cultured cells 

in the absence of the Mxra8 entry receptor. As expected, WT virus bound to B3GAT3-/- cells less 
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efficiently, with an approximately 70% reduction in cell binding observed (Figure 29). Despite the 

low GAG-binding phenotypes observed using ELISAs (Figure 26), R104A, K120A, and H123A 

bound to WT GAG-expressing cells to similar or higher levels relative to WT virus with little to 

no binding to GAG-deficient B3GAT3-/- cells observed (Figure 29). In contrast, the binding of 

K57A, R119A, and K149A to WT cells was reduced relative to that of WT virus (Figure 29), 

indicating mutagenesis-dependent attenuation. However, R119A and K149A did not bind to GAG-

deficient B3GAT3-/- cells (Figure 29), suggesting that factors other than GAG-binding are 

responsible for the diminished cell attachment observed for these alanine mutant viruses. The 

K57A mutant was the only virus that bound to WT and GAG-deficient B3GAT3-/- cells at levels 

comparable to the binding of WT virus to B3GAT3-/- cells (Figure 29), suggesting that the K57A 

mutation specifically affects GAG-binding capacity. Therefore, K57A is the only mutant virus 

identified in our studies specifically attenuated for GAG binding, which is an important distinction. 

Future work will use the K57A virus in mouse models of CHIKV disease to assess the role of 

virus-GAG interactions in CHIKV pathogenesis.  

 



 97 

 

Figure 29. Mutant virus K57A is the only virus specifically attenuated for GAG binding. 

WT and B3GAT3-/-Hap1 cells were adsorbed with 108 genomes/sample of virus at 4°C for 2 h and washed three times 

to remove unbound virus. Total RNA was purified using TRIzol, and CHIKV RNA was quantified using RT-qPCR. 

Data were normalized to WT virus binding on WT cells. Results are expressed as the mean percentage of binding in 

triplicate wells from two independent experiments. Error bars indicate SEM. P values were determined using one-way 

ANOVA followed by Tukey’s multiple comparison test (***, P < 0.001; ****, P < 0.0001).  

3.3 Discussion 

The specific CHIKV residues required for virus-GAG interactions were previously 

unknown. In the experiments described in this chapter, I recovered and characterized 18 alanine 

mutant viruses to identify residues in the CHIKV E2 glycoprotein required for GAG binding. The 
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mutant viruses were assessed for genome/PFU ratio and glycoprotein conformation to determine 

viral fitness and intact virion structure. I discovered eight E2 residues that when exchanged with 

alanine decrease heparin-binding capacity. Three of the residues that are required for GAG-binding 

may also modulate Mxra8 engagement, suggesting that the GAG- and Mxra8-binding sites in E2 

overlap. I further identified one mutant virus, K57A, that is specifically attenuated in GAG-binding 

while maintaining other functions of E2. All other mutant viruses had increased binding to WT 

cells or decreased binding to GAG-deficient cells compared to WT virus cell binding, making 

K57A the prime candidate to study in mouse models of CHIKV disease to assess the role of virus-

GAG interactions in pathogenesis. Collectively, these data indicate that residues in domain A, 

domain B, and arch of the CHIKV E2 glycoprotein are required for GAG binding. 

Eight E2 residues (K57, R86, R104, R119, K120, H123, K149, and K200) of the 18 

residues analyzed are required for virus-GAG interactions. This conclusion is based on heparin 

binding as assessed by ELISA. However, to fully understand virus-GAG binding, the importance 

of these residues in HS and CS binding should be tested. On the surface of most cultured cells and 

in vivo, HS and CS are more abundant relative to heparin (231, 235, 236, 239, 242, 314). Heparin 

also is structurally distinct from HS, containing more sulfation and IdoA residues (231). 

Furthermore, there is some evidence suggesting that CHIKV strains vary in dependence on HS 

and CS for attachment (66). In cell-binding assays, a requirement for HS rather than CS is apparent 

for CHIKV strain 181/25, while the opposite is the case for CHIKV strain SL15649 (66). The work 

described in Chapter 2 of this dissertation also describes the HS- and CS-binding capacity of 

SL15649 and other field-isolate CHIKV strains (Figure 15). These data indicate that CHIKV binds 

to HS and CS on cells, emphasizing the importance of defining the viral binding sites responsible 

for mediating interactions with HS and CS in addition to heparin. It is possible that the same E2 
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residues identified in this chapter also function in HS and CS binding. Alternatively, GAG-binding 

sites might vary according to the type of GAG engaged. GAG types differ structurally by sulfation 

and disaccharide composition (231), which could influence regions of the virion that are required 

for GAG binding.  

Three residues that influence GAG-binding also were found to be required for Mxra8-

binding. Using cryo-electron microscopy, Mxra8 contact sites in CHIKV have been identified in 

domains A and B of the E2 glycoprotein as well as in the fusion loop and domain II of the E1 

glycoprotein (178, 179). Alanine substitutions of two of these Mxra8 contact sites, R119 and H123, 

decreased Mxra8 engagement as assessed by ELISA (Figure 28), corroborating previous studies 

of CHIKV-Mxra8 interactions. Although K120 was identified as a Mxra8 contact site (178, 179), 

I did not observe any Mxra8-binding defects when this residue was exchanged with alanine (Figure 

27). Our studies also suggest a role for R104 in Mxra8 binding (Figure 28), although this residue 

was not previously described as a Mxra8 contact site (178, 179). However, there are important 

differences between previously published studies and our work, which may explain these 

discrepancies. Previous research used cryo-electron microscopy to structurally identify putative 

Mxra8-binding sites in WT virus (178, 179), while we used functional assays that tested Mxra8-

binding capacity of alanine mutant viruses. Previous work used VLPs of the 37997 CHIKV strain 

(178, 179) and human (178) or mouse (179) Mxra8, whereas we investigated interactions between 

CHIKV strain SL15649 and mouse Mxra8. The CHIKV strains 37997 and SL15649 represent two 

distinct genetic clades, WA and ECSA, respectively (149, 264). The 37997 and SL15649 E2 

protein sequences differ by approximately 6%. While E2 residues 104 and 120 do not differ 

between the strains, other residues that are predicted to form Mxra8 contact sites do, including 

residues 72, 74, and 182 (178, 179). Additionally, human and mouse Mxra8 sequences differ by 
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22%, including regions that are suggested to bind CHIKV (179). These differences in CHIKV 

strains and Mxra8 orthologs could contribute to the divergent results observed in our research 

compared with previously published work.  

The residues we examined for GAG binding in the CHIKV E2 glycoprotein were primarily 

in domain A with four residues in the arch and one residue in domain B. Binding of host receptors 

by CHIKV can be mediated by E2 domain A (27, 218), domain B (27, 99), and arch (27, 218). 

Molecular docking simulations suggest that HS binding to E2 domain A and arch may trigger a 

conformational change in domain C, unveiling the E1 glycoprotein fusion loop to promote virus-

cell fusion (218). Similarly, structural analyses suggest that ligand binding by domain B initiates 

glycoprotein conformational changes, which would likewise reveal the E1 glycoprotein fusion 

loop (27). While these various E2 domains have been implicated in receptor binding, the specific 

residues required for GAG interactions were previously unknown. Studies using purified E2 

domains provide evidence that GAG-binding residues are located in domain B (99). Our studies 

expand on this finding and suggest that GAG-binding can occur using residues in E2 domain A 

and arch. Future work from our group will investigate whether other basic, surface-exposed 

residues in E2 are required for GAG-binding using mutagenesis and cryo-electron microscopy. 

In addition to basic, surface-exposed residues in E2, other CHIKV residues also are likely 

required for GAG binding, including basic, surface-exposed residues in E1 and uncharged, polar 

residues in E1 and E2. The role of the E1 glycoprotein has yet to be assessed for alphavirus-GAG 

binding. Like E2, E1 also contains basic residues that are exposed on the virion surface, which 

could interact with negatively charged GAG chains. Furthermore, the identification of EEEV E2 

residues on the periphery of E1/E2 trimeric spikes that mediate heparin binding (221) suggests that 

GAG chains are engaged (at least partially) between adjacent spikes. E1 residues are more surface-
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exposed in the regions between E1/E2 trimeric spikes, which could facilitate GAG binding at the 

periphery of the E2 glycoprotein between spikes. Preliminary, unpublished work from our lab in 

collaboration with Dr. Kenneth Stapleford’s lab suggests the requirement of residues in the E1 

glycoprotein for GAG binding. 

Residues in addition to positively charged, basic amino acids also could participate in GAG 

binding. Uncharged, polar residues, such as asparagine and glutamine, are thought to be important 

mediators of GAG binding (293, 300). These residues can facilitate non-ionic binding interactions 

like hydrogen bonding between GAGs and their ligands (242, 293, 300–302). Thus far, the role of 

asparagine and glutamine have yet to be investigated in alphavirus-GAG interactions. 

Attachment factor binding can influence viral tropism and virulence. The contribution of 

virus-GAG interactions in vivo have been assessed for several alphaviruses, including CHIKV (58, 

67, 165, 227), EEEV (204), SFV (228), and SINV (219, 229). Following subcutaneous inoculation, 

strains of EEEV and SINV with increased HS binding are attenuated, cleared rapidly, and 

disseminate less efficiently (204, 219, 229). Similar findings are observed with CHIKV. CHIKV 

strains with enhanced HS binding capacity produce attenuated disease characterized by reduced 

footpad swelling, diminished inflammation and damage to musculoskeletal tissues, reduced viral 

titers, and rapid viral clearance (58, 67, 165, 227). However, pathogenesis studies of CHIKV 

strains that lack or have reduced GAG-binding capacity have not been reported. The mutant virus 

K57A described in this chapter is an ideal candidate for use in studies of CHIKV disease to define 

the requirement of virus-GAG interactions in vivo. K57A has a genome/PFU ratio comparable to 

that of WT virus (Table 4) and displays correct glycoprotein conformation (Figure 25), reduced 

GAG binding (Figure 26), intact Mxra8 binding (Figure 28), and is specifically attenuated for 
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GAG binding as evaluated in cell-binding assays (Figure 29). Future studies will use K57A to 

clarify the role of GAG binding in viral tropism and virulence in mouse models of CHIKV disease. 

Findings reported in this chapter contribute to an understanding of viral determinants of 

CHIKV-GAG interactions. We targeted 18 amino acids in the E2 glycoprotein to evaluate their 

contribution to GAG binding. We discovered eight residues in E2 domain A, domain B, and arch 

that are required for GAG engagement (K57, R86, R104, R119, K120, H123, K149, and K200) 

and found that three of these residues also are required for Mxra8 binding (R104, R119, and H123). 

Mutant virus K57A, which is specifically attenuated for GAG-binding capacity, will be used in 

future studies to further understand the contribution of virus-GAG interactions to CHIKV disease 

in vivo. Overall, findings reported here define residues in domain A, domain B, and arch of the E2 

glycoprotein that influence CHIKV binding to GAGs.  
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4.0 Summary and future directions 

4.1 Thesis summary 

The cell-surface molecules bound by viruses to attach and enter cells are important 

determinants of viral tropism and disease. Alphaviruses display broad cell and tissue tropism and, 

therefore, are thought to mediate interactions with host cells through multiple attachment factors 

and cell-specific entry receptors. These host molecules have been challenging to identify, and their 

requirement in virus infection can be difficult to define, especially when multiple receptors are 

used and their expression varies on different cell types.  

CHIKV, an arthritogenic alphavirus, became a global health threat as it spread throughout 

the world in the early 21st century, emerging in naïve populations and causing millions of cases of 

severe and debilitating arthritis. Despite the severity of CHIKV disease, there are no licensed 

therapeutics or vaccines. Since attachment factors and entry receptors are determinants of viral 

tropism and disease, I sought to better understand these virus-host interactions to enhance 

knowledge of CHIKV infection and illuminate new possible antiviral drug targets. 

Several cell-surface molecules have been identified to facilitate CHIKV attachment and 

entry. One CHIKV entry receptor, Mxra8, is likely a bona fide entry receptor, but others are yet to 

be identified. A few putative attachment factors also have been defined for CHIKV, including 

GAGs, which are expressed ubiquitously in mammals and mosquitoes and likely enhance viral 

attachment to many cell types. However, the specific GAG types bound by CHIKV and the 

requirement of these interactions for virus infection is not fully understood. Moreover, the 
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structural features of GAG chains and the GAG-binding sites on the CHIKV E2 attachment protein 

are not well defined.  

To begin filling these gaps in knowledge, I evaluated CHIKV-GAG binding using glycan 

microarray technology. In Chapter 2, I report that CHIKV binds specifically to GAGs relative to 

any of the other 662 glycan tested. CHIKV also preferentially binds to longer (14-mer), sulfated, 

iduronic-acid containing GAG chains. The highest CHIKV binding signals are observed with 

heparin, HS, and CS-B (DS). Using ELISAs, I validated the microarray results and determined 

that CHIKV strains from each genetically distinct clade directly bind to heparin and CS. Strain-

specific differences in GAG binding also were observed, with the ECSA (SL15649) strain binding 

to heparin and CS with the highest avidity and the Asian (H20235) strain binding to heparin and 

CS with the lowest avidity.  

In Chapter 2, I further assessed whether the virus-glycan interactions identified in 

microarray and ELISA studies contribute to virus binding to and infection of cells. I first 

characterized several cell lines to identify cells that express HS, CS, and Mxra8, are susceptible to 

CHIKV infection, and have a haploid or diploid karyotype. Of the eight cell lines tested, I chose 

to use human osteosarcoma U-2 OS cells, which express high levels of HS, CS, and Mxra8 and 

human haploid Hap1 cells, which express only HS. I discovered that strains from each CHIKV 

clade require HS for efficient binding and infection of U-2 OS and Hap1 cells, while an ECSA 

strain also requires CS for efficient binding to U-2 OS cells. Overall, these data indicate the 

importance of HS as a CHIKV attachment factor when CS and Mxra8 are present (as for U-2 OS 

cells) or absent (as for Hap1 cells). 

In Chapter 3, I describe my research, defining viral determinants of CHIKV-GAG binding. 

Following sequence and structural analyses of the CHIKV attachment protein, E2, I identified 18 
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putative GAG-binding residues in the E2 glycoprotein. I individually exchanged each of these 

basic, surface-exposed residues with alanine, producing a panel of mutant viruses that was used to 

define residues in E2 required for GAG interactions. Mutant viruses were quantified to examine 

genome/PFU ratio as an indicator of viral fitness and tested for glycoprotein conformation to 

ensure intact virion structure. Using ELISAs, I identified eight E2 residues required for efficient 

GAG binding, including three of which that also are required for Mxra8 binding. Further analysis 

showed that one mutant virus, K57A, was specifically attenuated for GAG binding, as determined 

using cell-binding assays. Therefore, K57A is a low GAG-binding virus candidate to be tested in 

mouse models of CHIKV disease to determine the role of virus-GAG interactions in viral tropism 

and disease. Overall, these studies identified residues required for CHIKV-GAG binding in E2 

domain A, domain B, and arch, which partially overlap Mxra8-binding sites. 

4.2 Future directions 

4.2.1 Determine the requirement of CS/DS during CHIKV in vitro infection 

While my studies in Chapter 2 elucidate the role of HS in cells that express varying levels 

of GAGs and the Mxra8 entry receptor, the role of CS/DS is not fully understood. In U-2 OS cells, 

HS is required for all CHIKV strains tested to efficiently bind and infect. However, some 

dependence on CS for cell binding is observed for the ECSA (SL15649) strain. It is possible that 

the CS requirement for CHIKV in U-2 OS cells is masked by high HS expression. Therefore, to 

determine whether CS and DS are required for CHIKV cell binding and infection, cells that express 

no or low levels of HS and high levels of CS should be evaluated. Of the cells evaluated in Chapter 
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2, Vero and HFF-1 cells express similar levels of HS and CS. Other cells, such as human 

chondrocytes (315, 316), human bone marrow cells, and human synovial cells express higher 

levels of CS compared to HS (316). Mxra8 entry receptor expression also will need to be 

considered. It is important to understand the requirement of CS/DS in the presence and absence of 

Mxra8 expression. The chondrocytes, synovial fibroblasts, and HFF-1 cells characterized in Zhang 

et al. express detectable Mxra8 levels (102). Cells that lack Mxra8 while expressing high levels of 

CS/DS will have to be identified. Overall, to assess CS/DS dependence in the absence and presence 

of Mxra8 expression, these cell types that express equal or higher levels of CS compared to HS 

will be important tools to analyze the binding and entry of CHIKV strains. 

To elucidate the requirement of CS/DS during CHIKV infection of cells in culture, cells 

listed above could be treated with HSase and CSase and assessed for virus binding and infection. 

Additionally, these cells could be genetically altered using CRISPR-Cas9 technology to ablate 

genes required for the biosynthesis of HS (EXTL2, EXTL3, EXT1, EXT2) or CS 

(CSGALNACT1, CSGALNACT2, CHPF, CHSY3, CHSY1) (100, 231). To dissect the 

requirement of CS or DS (CS-B) during CHIKV in vitro infection, cells could be genetically 

altered to lack the epimerase gene, DSE, which is required for DS chain synthesis (231). 

4.2.2 Determine the requirement of GAGs during CHIKV infection of mosquitoes 

The research described in this dissertation focuses on CHIKV-GAG interactions in 

mammalian cultured cells. However, CHIKV also infects mosquitoes (78), and GAG expression 

has been reported in the tissues of whole mosquitoes (226, 244, 245). Therefore, it would be 

informative to determine the requirement of GAGs during CHIKV infection of mosquito cells and 

whole mosquitoes. Several Aedes aegypti and Aedes albopictus cell lines are commercially 
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available for use, including A20 (317, 318), Aag2 (317, 319, 320), U4.4 (317, 319), and C6/36 

(321). CHIKV infects A20 (322), U4.4 (317, 322), and C6/36 cells (67, 317, 322). However, GAG 

expression on each of these mosquito cell lines has not been reported. To study CHIKV-GAG 

binding requirements in mosquito cells, GAG expression profiles must be completed. To 

determine whether GAGs are required for CHIKV infection of mosquito cells, GAG-expressing 

mosquito cells could be treated with GAGase or subjected to CRISPR-Cas9 deletion of GAG 

biosynthesis genes, similar to the approach I used in Chapter 2 to study GAG dependence in 

mammalian cells. Additionally, the use of genetically altered mosquitoes that do not express HS 

or CS (if viable) could be used to further investigate the in vivo consequences of CHIKV GAG-

binding in mosquitoes.  

4.2.3 Identify proteoglycans required for CHIKV infection and whether they can facilitate 

virus entry into cells 

Pathogenic strains of CHIKV bind multiple types of GAGs (66, 67, 100, 224). However, 

the proteoglycans to which these GAGs are covalently attached are unknown. The role of specific 

proteoglycans during infection of other viruses has been defined. HIV-1 requires syndecan-1 and 

syndecan-3, both of which contain HS and CS/DS, during infection of cultured cells (279, 323). 

Hepatitis C virus, hepatitis E virus, and human papillomavirus require syndecan-1 during infection 

of cultured cells as well (324–326). The HS and CS/DS GAG chains that are bound with the 

strongest avidity by CHIKV (224) are found covalently attached to core proteins to form 

proteoglycans at the cell surface (231). All four of the major proteoglycan families are composed 

of HS, CS/DS, or both: glypicans, lecticans, SLRPs, and syndecans (231, 235, 238). To identify 

the proteoglycans required for CHIKV infection, an siRNA screen targeting proteoglycan genes 
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could be conducted in cells confirmed to express those genes. Cells lacking proteoglycans also 

could be used to overexpress specific genes in CHIKV binding and infection assays to further 

determine the requirement of specific proteoglycans. These studies could be completed with 

CHIKV as well as other alphaviruses to better understand the role of specific proteoglycans during 

alphavirus infection. 

In addition to serving as viral attachment factors, proteoglycans are responsible for a 

variety of functions in the cell, many of which are mediated through the activation of signaling 

pathways (239, 327–330). This observation begs the question of whether proteoglycans also can 

function as viral entry receptors, inducing the internalization of virus into the cell. For example, 

syndecan-4, an HS proteoglycan, activates multiple endocytic pathways, including 

macropinocytosis and caveolin- and dynamin-dependent endocytosis, to mediate the 

internalization of various macromolecules (329, 330). CHIKV cell entry is dependent on dynamin 

for clathrin-mediated endocytosis (92) and can be facilitated by macropinocytosis in muscle cells 

(331), suggesting that CHIKV could enter cells through proteoglycan-mediated internalization.  

Some studies have begun to assess the role of proteoglycans in viral entry. For example, 

baculoviruses and herpes simplex virus type 1 require syndecan-1, an HS and CS/DS proteoglycan, 

for virus entry (283, 332, 333). To determine whether proteoglycans are required for CHIKV entry, 

Mxra8-deficient cells expressing a specific proteoglycan could be ablated for expression of that 

gene using siRNA or CRISPR-Cas9, infected with virus, treated with ammonium chloride to allow 

viral entry but not multiple rounds of infection, and quantified for infection by FFU. Additionally, 

cells deficient in expression of a specific proteoglycan could be transfected to overexpress the 

proteoglycan of interest, followed by assays of viral infectivity. 
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4.2.4 Identify the specific GAG moieties required for CHIKV binding 

As indicated by my results in Chapter 2, CHIKV-GAG interactions are mediated by chain 

length, sulfation, and disaccharide composition. I reported that CHIKV bound with higher avidity 

to longer GAG chains (14-mer) that contained sulfation and IdoA residues. However, the optimal 

GAG chain length, specific sulfation modifications on GAG chains, and the requirement of IdoA 

GAG residues has yet to be defined. These specific structural requirements have been determined 

for some viruses. For example, respiratory syncytial virus (RSV) requires heparin with a minimum 

10-mer chain for efficient binding (271), and Zika virus preferentially binds 8- to 18-mer heparin 

chains (272). While sulfated GAGs are important for the binding of many viruses (269–271, 282–

284), specific sulfation modifications on HS chains mediate virus-GAG interactions, such as 3-O 

sulfation for herpes simplex virus 1 (283, 284) and N-sulfation for RSV (271). Furthermore, the 

requirement of IdoA has been observed for RSV infection of cultured cells (212). 

To identify the specific GAG moieties required for CHIKV binding, a variety of 

approaches could be taken. Glycan microarrays like the ones described in Chapter 2 could be used. 

GAG chains of various lengths (2-mer to 20-mer) and sulfation modifications (2-O, 3-O, 4-O, and 

6-O sulfation) could be printed on microarray slides and tested for CHIKV binding. Our lab has 

preliminary, unpublished data that validates this approach and suggests a requirement for specific 

GAG structures for CHIKV binding. Additionally, CRISPR-Cas9 genetically altered cells 

deficient in the 2-O, 3-O, 4-O, or 6-O sulfatases could be assessed for CHIKV binding and 

infection to identify sulfation requirements for virus-GAG interactions. CRISPR-Cas9 genetically-

altered cells deficient in the epimerase enzymes GLCE (for HS GlcA to IdoA epimerization) or 

DSE (for CS/DS GlcA to IdoA epimerization) also could be assessed for CHIKV binding and 

infection to identify the requirement of IdoA residues on GAG chains to facilitate virus attachment. 
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4.2.5 Further define GAG binding sites on the CHIKV virion 

In Chapter 3, I identify residues in domain A, domain B, and arch of the E2 glycoprotein 

that are required for CHIKV GAG-binding. This work expands on findings that GAG binding by 

CHIKV is mediated by domain B of E2 (99) and supports molecular docking studies that suggest 

CHIKV-GAG interactions occur in the E2 domain A and arch (218). Collectively, these studies 

coupled with our findings indicate that CHIKV GAG-binding likely occurs by multi-site 

interactions with the viral E2 glycoprotein. By assessing 18 E2 amino acids, we have only begun 

to identify the specific GAG-binding residues in E2. Therefore, further investigation is required to 

assess the contribution of other basic, surface-exposed E2 residues to GAG binding. Additionally, 

as described in Chapter 3, GAG binding also could be mediated by basic, surface-exposed residues 

in the E1 glycoprotein as well as uncharged, polar residues like asparagine and glutamine in E1 

and E2. While viral mutagenesis studies are informative to identify viral protein residues that are 

required for GAG binding, these residues may not be actual contact sites. Structural techniques 

like cryo-electron microscopy should be conducted to define CHIKV residues that contact GAGs. 

Furthermore, to begin dissecting the binding kinetics of CHIKV to GAGs and Mxra8, surface 

plasmon resonance and bio-layer interferometry techniques should be used.  

4.2.6 Define the contribution of GAG binding during CHIKV in vivo infection 

Attachment factor binding can be a host determinant for viral tropism and disease. GAG-

binding in vivo has been assessed for several alphaviruses, including CHIKV (58, 67, 165, 227), 

EEEV (204), SFV (228), and SINV (219, 229). Like EEEV and SINV (204, 219, 229), infection 

by CHIKV strains with enhanced HS-binding capacity results in attenuated disease, which is 
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characterized by reduced footpad swelling, diminished inflammation and pathology in 

musculoskeletal tissues, reduced viral titers, and rapid viral clearance (58, 67, 165, 227). Studies 

assessing virus-GAG interactions in mice have used mutant viruses that display altered, usually 

increased, GAG-binding capacities. To better understand the contribution of GAG binding during 

CHIKV infection in vivo, studies using CHIKV strains that lack or have reduced GAG-binding 

capacity should be conducted. Future work from our group will assess CHIKV pathogenesis in 

three-to-four-week-old WT C57BL/6 mice infected with WT virus, high GAG-binding virus 

(G82R), or low GAG-binding virus (K57A). I hypothesize that a “goldilocks” phenomenon will 

be observed, in which WT virus, displaying moderate GAG-binding capacity, will cause CHIKV 

disease in mice, but high and low GAG-binding viruses will be attenuated. Such an observation 

would suggest that too much or too little GAG-binding capacity alters viral tropism and attenuates 

virulence. 

In addition to using viral mutants, mice with altered GAG expression can be assessed for 

CHIKV infection and disease to further define the role of CHIKV-GAG interactions in vivo. 

XYLT1-/- (334–336) and XYLT2-/- (335–337) mice lack a xylosyltransferase gene, which is required 

to initiate GAG biosynthesis by adding a xylose to a serine residue on a core protein, rendering 

these animals GAG-deficient (231, 338, 339). B4GALT7-/- (335, 336, 340) and B3GAT3-/- mice 

(341, 342) lack a galactosyltransferase gene that also is required to initiate GAG biosynthesis by 

adding a galactose to the tetrasaccharide linker attached to a core protein, rendering these animals 

GAG-deficient as well (231). There are several strains of mice that lack CS expression due to 

deletion of various CS polymerase genes, including CHSY (343), CHPF (343, 344), 

CSGALNACT1 (343, 345–347), and CSGALNACT2 (347). DS-deficient mice have been 

genetically altered to lack DS epimerases DSE (348, 349) or DSEL (350), and HS-deficient mice 
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have been engineered by ablating the following HS polymerase genes: EXT1 (351), EXT2 (352), 

EXTL2 (353, 354), and EXTL3 (355). Using these mice in pathogenesis studies will help define 

the requirement of total GAGs and specific GAG types during CHIKV infection in vivo. 

Furthermore, the requirement of specific sulfation modifications on GAG chains can be analyzed 

using mice that lack particular sulfotransferase genes, such as HS2ST1, which is responsible for 

HS 2-O sulfation (356–358), HS3ST1, which is responsible for HS 3-O sulfation (359), or 

HS6ST1, which is responsible for HS 6-O sulfation (360, 361). While studies with these various 

GAG-altered mouse strains will be informative, it should be noted that multiple, redundant genes 

are often responsible for a single function like sulfation (231, 362), making it difficult to alter 

certain GAG characteristics. Furthermore, some of these knockout mice may not breed well or 

may display disease phenotypes unrelated to CHIKV infection (335). If specific GAG-deficient 

mice are not viable, engineering conditional, tissue-specific knockout mice using CRISPR-Cas9 

could be considered.  

4.2.7 Evaluate the use of GAG mimetics during CHIKV infection 

The work in this dissertation describes the necessary and specific interactions of CHIKV 

and GAG attachment factors during binding to and infection of cells in culture. Since attachment 

factor binding can be a host determinant of alphavirus pathogenesis (67, 165, 203, 204, 219, 220, 

227, 228), GAG-based antiviral drugs may be a useful therapeutic approach to combat CHIKV.  

Synthetic compounds called GAG mimetics have been designed to mimic the structure of 

GAGs (276, 363, 364) GAG mimetics have been used for a variety of therapeutic uses, such as 

anti-coagulation (365–367), tissue repair (368), cancer treatment (369), anti-inflammation (369), 

and blockade of pathogen cell entry (276, 327, 364, 370). GAG mimetics block attachment to 
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cultured cells of adenovirus (371), dengue virus (372), and herpes simplex virus (373, 374) and 

have been used to mitigate dengue virus (288) and Ross River virus (287) infection in vivo. Of 

note, pentosane polysulfate, a heparin-like GAG, reduces CHIKV and Ross River virus disease in 

mice, resulting in reduced footpad swelling, less joint inflammation, and decreased levels of pro-

inflammatory cytokines (287). Studies using pentosane polysulfate provide proof-of-concept that 

GAG mimetics could function as antiviral therapeutics. Further investigation is required to identify 

other potential CHIKV-specific GAG mimetic antivirals. 

4.3 Conclusions 

The research described in this dissertation assesses the importance and specificity of 

CHIKV-GAG interactions and defines the structural features of GAG chains and CHIKV viral 

proteins that are required for binding. Studies presented here establish a foundation to further 

elucidate the contribution of CHIKV-GAG engagement in other cell types like mosquito cells and 

in vivo using mouse models of CHIKV disease. Collectively, this work enhances an understanding 

of CHIKV attachment factor binding and will help facilitate the development of GAG-based 

antiviral therapeutics to combat the global health threat posed by CHIKV.  
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5.0 Materials and methods 

5.1 Cells 

Baby hamster kidney cells (BHK-21; ATCC CCL-10) were maintained in alpha minimal 

essential medium (αMEM; Gibco) supplemented to contain 10% fetal bovine serum (FBS; VWR) 

and 10% tryptose phosphate (Sigma). Vero 81 cells (ATCC CCL-81) were maintained in αMEM 

supplemented to contain 5% FBS. Human osteosarcoma cells (U-2 OS; ATCC HTB-96) were 

maintained in McCoy’s 5A medium (Gibco) supplemented to contain 10% FBS. Culture media 

for BHK-21, Vero-81, and U-2 OS cells also were supplemented with 0.29 mg/mL L-glutamine 

(Gibco), 100 U/mL penicillin (Gibco), 100 g/mL streptomycin (Gibco), and 25 ng/mL 

amphotericin B (Sigma). BV2 and HFF-1 (ATCC SCRC-104) cells were maintained in Dulbecco’s 

modified eagle medium (DMEM; Gibco) supplemented to contain 10% FBS. BV2 cells were 

additionally supplemented to contain 1% HEPES, 100 U/mL penicillin, and 100ug/mL 

streptomycin. Synovial fibroblasts (ABM T0030) were maintained in Roswell Park Memorial 

Institute 1640 medium (RPMI; Gibco) supplemented to contain 10% FBS. WT and B3GAT3-/- 

human Hap1 cells (100) were provided by Yusuke Maeda (Osaka University) and Atsushi Tanaka 

(Thailand-Japan RCC-ERI). Hap1 cells were maintained in Iscove’s modified Dulbecco’s medium 

(IMDM; Gibco) supplemented to contain 10% FBS, 100 U/mL penicillin, and 100 g/mL 

streptomycin. All cells were cultivated at 37oC in an atmosphere of 5% CO2. 
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5.2 VLPs and viruses 

Chikungunya VLPs of the 37997 strain were prepared by Emergent BioSolutions as 

described (108). Suspension-adapted, serum-free human embryonic kidney 293 cells were 

transfected with an expression plasmid containing strain 37997 structural genes. Supernatants were 

collected and clarified by centrifugation. VLPs were purified using chromatography and sterile 

filtration, suspended in 10 mM potassium phosphate, 218 mM sucrose, and 25 mM sodium citrate, 

and stored at -80oC prior to use. 

Virus stocks were recovered from infectious cDNA clone plasmids for each CHIKV strain, 

including 181/25 (64, 65), SL15649 (149), H20235 (267), 37997 (264), and chimeric Sindbis virus 

(SINV)-CHIKV in the TR339 and SL15649 strains, respectively (102, 223). CHIKV plasmids 

were linearized using NotI-HF (NEB), and SINV-CHIKV plasmids were linearized using PvuI-

HF (NEB). Viral cDNAs were transcribed in vitro using an mMessage mMachine SP6 

transcription kit (Ambion). BHK-21 cells (1.19 x 107 cells) were electroporated with in vitro 

transcribed RNA using a Gene Pulser Xcell electroporator (Bio-Rad) and the square wave protocol 

with 2 pulses at 1000 V for 2.5 ms and 5 s between each pulse. Cells were incubated at 37oC for 

48 h. Supernatants were collected and clarified by centrifugation at 1,500 x g at 4oC for 10 min to 

remove cell debris. Remaining supernatant was added to a 20% sucrose cushion in TNE buffer 

(PBS-/- supplemented to contain 50 mM Tris-HCl pH 7.2, 0.1 M NaCl, and 1 mM EDTA) and 

centrifuged at ~ 115,000 x g for ~ 16 h in a Beckman 32Ti rotor. Pellets containing virus were 

resuspended in virus dilution buffer (VDB; RPMI medium supplemented to contain 20 mM 

HEPES [Gibco] and 1% FBS), aliquoted, and stored at -80oC. Titers of virus stocks were 

determined by plaque assay. Genome copy numbers of virus stocks were determined by RT-qPCR.  
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5.3 Site-directed mutagenesis 

Mutations were introduced into the SINV-CHIKV plasmid using mutagenesis primers 

designed with the Agilent QuikChange primer design online tool 

(https://www.agilent.com/store/primerDesignProgram.jsp). QuikChange PCR reactions were 

conducted using KOD Hot Start DNA polymerase (Sigma-Aldrich), followed by DpnI (NEB) 

digestion to remove template DNA. Sanger sequencing was used to confirm the fidelity of 

mutagenesis. 

5.4 Viral plaque assays 

Confluent monolayers of Vero-81 cells were adsorbed with serial dilutions (10-fold) of 

virus stocks in VDB at 37oC for 1 h. Cells were overlaid with 0.5% immunodiffusion agarose 

(VWR) in MEM supplemented to contain 10% FBS, 10% tryptose phosphate, 100 U/mL 

penicillin, and 100 g/mL streptomycin. Cells were incubated at 37oC for ~ 48 h. Plaques were 

visualized following staining with neutral red (Sigma) at 37oC for 4 to 6 h. Plaques were 

enumerated in duplicate and averaged to calculate plaque forming units (PFU). 

5.5 Viral RT-qPCR 

Viral RNA was extracted from 10 l of purified virus stocks using 490 l TRIzol reagent 

(Thermo Fisher Scientific), purified using the PureLink RNA Mini Kit (Invitrogen), and eluted 

https://www.agilent.com/store/primerDesignProgram.jsp
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into a final volume of 100 l. Viral genomes were quantified using the qScript XLT one-step 

reverse transcription-quantitative PCR (RT-qPCR) ToughMix kit (Quanta Biosciences). To 

analyze CHIKV strains, reactions were conducted in 20 l, containing 5 l viral RNA, 500 nM 

forward primer (5’-AGACCAGTCGACGTGTTGTAC-3’), 500 nM reverse primer (5’- 

GTGCGCATTTTGCCTTCGTA-3’), and 250 nM fluorogenic probe (5’-/56-

FAM/ATCTGCACC/ZEN/CAAGTGTACCA/3IABkFQ/-3’), targeting an amplicon in the 

nonstructural protein 2 (nsp2) coding region. To analyze SINV-CHIKV strains, reactions were 

conducted in 20 l, containing 5 l viral RNA, 500 nM forward primer (5’-

CAGCTGATCTCAGCAGTTAATAAACT-3’), 500 nM reverse primer (5’- 

GCCCGGCTTCTTTTTCTTTTGA-3’), and 250 nM fluorogenic probe (5’-/56-

FAM/AATCGGAAG/ZEN/AATAAGAAGCAAAAGCAAAA/3IABkFQ/-3’), targeting an 

amplicon in the capsid coding region. Standard curves for each virus strain were prepared using in 

vitro transcribed viral RNA. RT-qPCR was conducted using a ViiA 7 Real-Time PCR system 

(Thermo Fisher Scientific) under the following conditions: 50oC for 10 min, 95oC for 10 min, 40 

cycles of 95oC for 15 s, and 60oC for 60 s, with data acquisition in the FAM channel during the 

60oC step. RNA concentrations were determined by comparing the CT values of each sample to an 

appropriate standard curve. RT-qPCR to determine genome copy numbers of virus stocks 

(genomes per mL) were conducted in triplicate. 

5.6 Glycan microarrays 

The binding specificities of the chikungunya 37997 VLPs were analyzed using a 

neoglycolipid (NGL)-based microarray system (263). Two types of microarrays were used: (1) 
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glycan microarrays composed of 672 sequence-defined lipid-linked mammalian and non-

mammalian glycans as described (375) and (2) GAG-focused microarrays composed of NGL 

probes of 13 sized-defined glycosaminoglycan (GAG) oligosaccharides and two non-GAG 

polysaccharide controls. The glycan probes and sequences used in the glycan microarrays are 

provided in Table S1 of McAllister et al. 2020 (224). The glycan probes and sequences used in the 

GAG-focused arrays are provided in Figure 14. Information about the preparation of the glycan 

probes and construction of the microarrays is presented in Table S3 in McAllister et al. 2020 (224) 

in accordance with the MIRAGE (Minimum Information Required for a Glycomics Experiment) 

guidelines for reporting of glycan microarray-based data (376). 

Multiple analyses were conducted with the chikungunya VLPs and anti-CHIKV antibodies 

(Table S3 in McAllister et al. 2020 (224)). Slides were blocked at room temperature (RT) for 1 h 

with HBS buffer (10 mM HEPES at pH 7.4 with 150 mM NaCl and 5mM CaCl2) supplemented 

to contain 0.02% (w/v) casein (Pierce) and 1% (w/v) BSA (Sigma). Microarrays were overlaid 

with VLP solution (50 μg/ml used in most analyses) at 4oC for 1.5 h and fixed with 4% 

paraformaldehyde (PFA) diluted in HPLC-grade water at 4oC for 30 min. VLP binding was 

detected following incubation with anti-CHIKV E2 antibody (CHK-152 (60); 1:300) or ascites 

fluid (ATCC VR-1241AF; 1:300) at RT for 1 h, biotinylated goat anti-mouse IgG (Sigma; 2 μg/ml) 

at RT for 1 h, and Alexa Fluor 647-labelled streptavidin (Molecular Probes;1 μg/ml) at RT for 30 

min. Imaging and data analysis are described in the supplementary MIRAGE document (Table S3 

in McAllister et al. 2020 (224)). 
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5.7 GAG ELISAs and RBS calculations 

Pierce NeutrAvidin-coated ELISA plates (Thermo Fisher Scientific 15123B) were 

adsorbed with 4 ng/l of heparin conjugated to biotin (Creative PEGWorks HP-207) or 15 ng/l 

of chondroitin sulfate conjugated to biotin (Creative PEGWorks CS-106, mixture of CS-A, CS-B, 

and CS-C) at RT for 2 h. Wells were washed three times with wash buffer (PBS-/- supplemented 

to contain 0.05% Tween 20). ELISA plates were adsorbed with serial dilutions (1:2) of virus in 

VDB at RT for 1 h. As a negative control, PBS was adsorbed to ELISA plates coated with heparin 

and CS. Wells were washed with wash buffer three times to remove unbound virus. Bound virus 

was detected following incubation with a mouse monoclonal anti-CHIKV E2 antibody (CHK-187 

(60); 1 ug/mL) at RT for 1 h, a horseradish peroxidase-conjugated goat anti-mouse Ig (1:10,000; 

SouthernBiotech 1010-05) at RT for 1 h, and TMB substrate (Thermo Fisher Scientific) for up to 

5 min. Absorbance at 450 nm was quantified using a Synergy H1 microplate reader (BioTek). Data 

were used to prepare a non-linear regression curve assuming one-site specific binding, and relative 

binding strength (RBS) values were calculated for each virus. RBS values refer to the 

concentration in genomes/mL of virus at which 50% of GAG-binding sites are occupied. 

5.8 Conformational ELISAs 

ELISA plates (Immulon 2HB; Thermo Fisher Scientific 62402-972) were adsorbed with 1 

µg/mL mouse monoclonal CHIKV E2-specific antibody CHK-152 (60) at 4oC overnight. Wells 

were washed three times with wash buffer (PBS-/- supplemented to contain 0.05% Tween 20). 

ELISA plates were adsorbed with blocking buffer (PBS-/- supplemented to contain 0.05% Tween 
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20 and 1% FBS) at RT for 1 h. Wells were washed three times with wash buffer and adsorbed with 

serial dilutions (1:2) of virus in VDB at RT for 1 h. As a negative control, PBS was adsorbed to 

ELISA plates. Wells were washed with wash buffer three times to remove unbound virus. Bound 

virus was detected following incubation with human monoclonal CHIKV-specific antibodies 

(4N12 and 2H1 (312); 1 µg/mL) at RT for 1 h, a horseradish peroxidase-conjugated goat anti-

human immunoglobulin (1:10,000; SouthernBiotech 2040-05) at RT for 1 h, and TMB substrate 

(Thermo Fisher Scientific) for 5 min. Absorbance at 450 nm was quantified using a Synergy H1 

microplate reader (BioTek). Data were used to prepare a non-linear regression curve assuming 

one-site specific binding. 

5.9 Mxra8 ELISAs 

ELISA plates (Immulon 2HB; Thermo Fisher Scientific 62402-972) were adsorbed with 1 

µg/mL human monoclonal CHIKV-specific antibodies, 4N12 and 2H1 (312), at 4oC overnight. 

Wells were washed three times with wash buffer (PBS-/- supplemented to contain 0.05% Tween 

20). ELISA plates were adsorbed with blocking buffer (PBS-/- supplemented to contain 0.05% 

Tween 20 and 1% FBS) at RT for 1 h. Wells were washed three times with wash buffer and 

adsorbed with serial dilutions (1:2) of virus in VDB at RT for 1 h. As a negative control, PBS was 

adsorbed to ELISA plates. Wells were washed with wash buffer three times to remove unbound 

virus. Virus was evaluated for Mxra8 binding by incubation with 1 µg/mL Fc fusion protein 

conjugated to the extracellular domain of mouse Mxra8 (Mxra8-Fc) (102) at RT for 1h. Wells were 

washed three times with wash buffer and adsorbed with a horseradish peroxidase-conjugated goat 

anti-mouse immunoglobulin (1:10,000; SouthernBiotech 1010-05) at RT for 1 h and TMB 
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substrate (Thermo Fisher Scientific) for 5 min. Absorbance at 450 nm was quantified using a 

Synergy H1 microplate reader (BioTek). Data were used to prepare a non-linear regression curve 

assuming one-site specific binding. 

5.10 Cell-surface glycan and protein expression 

Cells were detached from tissue-culture flasks using CellStripper Dissociation Reagent 

(Corning), quenched with PBS+/+ supplemented to contain 2% FBS, and centrifuged at 1500 x g 

at 4oC for 5 min. Cells (5 x 105 cells per sample) were stained with human anti-HS (1:750; Amsbio 

370255-S), human anti-CS (1:750; Sigma C8035), human anti-Mxra8 (1 g/mL; MBL 

International W040-3), or mouse anti-Mxra8 (1 g/mL; 4E7.D10 (102)) antibodies at 4oC for 1 h. 

Cells were incubated with Alexa Fluor 647 antibody (1:1000; Thermo Fischer Scientific) at 4oC 

for 1 h. Samples were washed twice with VDB between incubations. Samples were fixed with 1% 

PFA at 4oC for 5 min and analyzed by flow cytometry (LSRII flow cytometer; BD Biosciences). 

Binding events were gated using secondary antibody-only control samples as the no-binding 

controls, and median fluorescent intensity (MFI) was determined using FlowJo V10 software.  

5.11 Virus binding to cells 

Cells were detached from tissue-culture flasks using CellStripper Dissociation Reagent, 

quenched with PBS+/+ supplemented to contain 2% FBS, and centrifuged at 1500 x g at 4oC for 5 

min. Cells (5 x 105 cells per sample) were adsorbed with virus at 108 genomes per sample at 4oC 
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for 2 h and washed three times with VDB. Cells were centrifuged at 1500 x g for 5 min, and pellets 

were resuspended in 750 l of TRIzol. RNA was purified, and viral genomes per sample were 

quantified using RT-qPCR. 

5.12 Focus-forming unit (FFU) assays 

Virus was adsorbed to monolayers of U-2 OS or Hap1 cells at the MOIs indicated in the 

figure legends. Following incubation at 37oC for 1 h, the inoculum was removed, and cells were 

incubated at 37oC for 18 h in medium supplemented to contain 20 mM NH4Cl unless otherwise 

noted. Cells were fixed with ice-cold methanol for 30 min and washed three times with PBS-/-. 

Blocking buffer (PBS+/+ supplemented to contain 5% FBS and 0.1% TX-100) was added to the 

plate at RT for 1 h. Cells were stained with anti-CHIKV ascites fluid (1:1500; ATCC VR-1241AF) 

at RT for 1 h and goat anti-mouse Alexa Fluor 488 IgG (1:1000; Invitrogen A11029) with 4’,6-

diamidino-2-phenylindole (DAPI; 1:1000; Thermo Fisher Scientific) at RT for 1 h. Cells were 

washed with PBS-/- three times at RT for 5 min per wash between each staining step. Infectivity 

was quantified by indirect immunofluorescence using the Lionheart FX automated microscope and 

Gen5 software (BioTek).  

5.13 GAG cleavage assays  

U-2 OS cells were adsorbed with heparinases (HSase I, II, III; Sigma H2519, H6512, 

H8891, respectively) or chondroitinases (CSase ABC; Sigma C3667) at a final concentration of 2 
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mIU/mL diluted in digestion buffer (MilliQ water supplemented to contain 20 mM HEPES pH 

7.5, 150 mM NaCl, 4 mM CaCl2, and 0.1% BSA) at 37oC for 1 h. Cells were washed with PBS-/- 

three times. Cell-surface GAG expression was quantified by flow cytometry, virus binding by RT-

qPCR, and virus infectivity by FFU. 

5.14 Transient complementation of KO cells 

Hap1 B3GAT3-/- cells were transfected with pcDNA3.1(+)-N-eGFP containing human 

B3GAT3 (GenScript OHu21110C) using Lipofectamine 3000 (Thermo Fisher Scientific 

L3000015) at a 3:1 transfection reagent to DNA ratio. Medium was changed at 24 h post-

transfection. At 36 h post-transfection, cell-surface GAG expression was quantified by flow 

cytometry, virus binding by RT-qPCR, and virus infectivity by FFU assay. 

5.15 Statistical analysis 

Statistical tests were conducted using GraphPad PRISM 7 software. P values less than 0.05 

were considered to be statistically significant. Descriptions of the specific statistical tests are 

provided in figure legends. 
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5.16 Biosafety 

All studies using VLPs and SINV-CHIKV chimeras were conducted using biosafety level 

2 conditions, and all studies using viable virus were conducted in a certified biosafety level 3 

facility. Protocols used were approved by the University of Pittsburgh Department of 

Environment, Health, and Safety and the University of Pittsburgh Institutional Biosafety 

Committee. 
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Appendix B Abbreviations glossary 

αMEM Minimum essential medium alpha 

ANOVA Analysis of variance 

ATPS-beta ATP synthetase beta subunit 1 

BHK Baby hamster kidney 

BSA Bovine serum albumin 

BSL Biological safety level 

B3GAT3 Beta-1,3-glucuronyltransferase 3 

Cas9 CRISPR-associated protein 9 

CCL Chemokine (C-C motif) ligand 

cDNA Complementary deoxyribonucleic acid 

CHIKF Chikungunya virus fever 

CHIKV Chikungunya virus 

CHO Chinese hamster ovary 

CI Confidence interval 

CPC motif Cation-polar-cation motif 

CPV Cytopathic vesicle  

CRISPR Clustered regularly interspaced short palindromic repeats 

cryo-EM Cryo-electron microscopy 

CS Chondroitin sulfate 

CSase Chondroitinase  
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CW motif Cardin and Weintraub motif 

CXCL Chemokine (C-X-C motif) ligand 

DAPI 4’,6’-diamidino-2-phenylindole 

DENV Dengue virus 

DMEM Dulbecco’s Modified Eagle Medium 

DNA Deoxyribonucleic acid 

dNTPs Deoxynucleoside triphosphates 

DS Dermatan sulfate 

DC-SIGN Dendritic cell-specific intracellular adhesion molecule-3-grabbing non-

integrin 

DHPE 1,2-dihexadecyl-sn-glycero-3-phosphoethanolamine 

DMARDs Disease-modifying anti-rheumatic drugs 

dUA 4,5-unsaturated hexuronic acid 

ECSA Eastern, central, southern African 

EDTA Ethylenediaminetetraacetic acid 

EEEV Eastern equine encephalitis virus 

ELISA Enzyme-linked immunosorbent assay 

FACS Fluorescence-activated cell sorting 

FBS Fetal bovine serum 

FDA Food and drug administration 

GAG Glycosaminoglycan 

Gal Galactose  

GalNAc N-acetylgalactosamine 
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Gas6 Growth arrest-specific gene 6 

Glc Glucose  

GlcA Glucuronic acid 

GlcNAc N-acetylglucosamine 

GMK Green monkey kidney 

GPI Glycosylphosphatidylinositol 

h Hour 

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HFF Human foreskin fibroblast 

HS Heparan sulfate 

HSase Heparinase  

IdoA Iduronic acid 

IFN Interferon 

IFNAR Interferon α/β receptor 

Ifnlr Interferon lambda receptor 

Ig Immunoglobulin 

IL Interleukin 

IOL Indian Ocean lineage 

IMDM Iscove modified Dulbecco media 

IRES Internal ribosome entry site 

Kb Kilobase 

kDa Kilodalton 

KO Knock-out 
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KS Keratan sulfate 

LAV Live attenuated vaccine 

LDLRAD3 Low-density lipoprotein receptor class A domain-containing 3 

LR La Réunion 

L-SIGN Liver-specific intracellular adhesion molecule-3-grabbing non-integrin 

mAB Monoclonal antibody 

ManA 2,5-anhydro-mannose 

MAYV Mayaro virus 

MEF Murine embryonic fibroblasts 

MFG-E8 Milk fat globule-epidermal growth factor-factor 8 

MFI Median fluorescence intensity 

Min Minute 

mM Millimolar 

MOI Multiplicity of infection 

mRNA Messenger RNA 

Mxra8 Matrix remodeling associated protein 8 

ND Not determined  

NGL Neoglycolipid  

NH4Cl Ammonium chloride 

NK cells Natural killer cells 

nm Nanometer 

nM Nanomolar 

NRAMP2 Natural resistance-associated macrophage protein 
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NS Not shown 

NSAID Non-steroidal anti-inflammatory drug 

nsP Nonstructural protein 

ONNV O’nyong-nyong virus 

ORF Open reading frame 

PAGE Polyacrylamide gel electrophoresis 

PBS Phosphate-buffered saline 

PBS-T Phosphate-buffered saline with Tween 20 

PCR Polymerase chain reaction 

PDB Protein data bank 

PFA Paraformaldehyde 

PFU Plaque forming unit 

PG Proteoglycan  

PHB1 Prohibitin 1 

p.i. Postinfection  

PRR Pattern recognition receptor 

PS Phosphatidylserine 

qRT-PCR Quantitative real time PCR 

RANTES Regulated on activation, normal T cell expressed and secreted 

RBS Relative binding strength  

RdRp RNA dependent RNA polymerase 

RNA Ribonucleic acid 

RPMI Roswell Park Memorial Institute 
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RRV Ross River virus 

RSV Respiratory syncytial virus 

s Second  

SEM Standard error of the mean 

SFV Semliki Forest virus 

SINV Sindbis virus 

siRNA Small-interfering RNA 

SLRP Small leucine-rich family of proteoglycans 

ssRNA Single-stranded RNA 

TIM-1 T cell immunoglobulin mucin 1 

UTR Untranslated region 

VDB Virus dilution buffer 

VEEV Venezuelan equine encephalitis virus 

VLP Virus-like particle 

WA West African 

WEEV Western equine encephalitis virus 

WT Wildtype 

l Microliter 

USAMRIID United States Army Medical Institute of Infectious Diseases 
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Appendix C Collaborative studies on chikungunya virus 
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Appendix D Collaborative studies on reovirus 
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