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Figure 4.6.  Functional mapping of the GB virus C envelope glycoprotein E2. The 
predicted GBV-C E2 transmembrane domain (TM) resides between amino acids 343 and 
371 (A). Two regions within E2 encode putative fusion peptides:  347–364 (within the 
TM) and 279–298 (this overlaps with the M6 monoclonal antibody linear epitope which 
encompasses amino acids 277-293) (A). HCV hydrophobic TM regions on both E1 and 
E2 appear to be too short to serve as classical transmembrane � -helices during 
biogenesis, and thus are predicted to fold as two antiparallel � -strands in a hairpin 
structure transiently during biogenesis (B). The amphiphilic � -helix upstream of the 
hairpin is predicted to stabilize the hairpin on the ER membrane (B). Hydrophobic cluster 
analysis of HCV, human and chimpanzee variants of GBV-C (GBV-Chum and GBV-Ccpz 

respectively) found that the E1 C-termini of these three viruses are similar (C) and share 
the putative structure shown in panel B. However, only the HCV E2 protein had the 
predicted structure of a � -hairpin and � -helix.  Long horizontal clusters on an HCA plot 
are consistent with helical structures and vertical clusters are consistent with � -strand 
secondary structures.  GBV-C E2 contains helix-breaking proline residues upstream from 
the TM region, so an � -helix structure may be unlikely (C).   
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CHAPTER V:  GENERAL DISCUSSION 

These chapters explore very different aspects of the inhibition of GBV-C by HIV, 

and are linked by the common goal of gaining insight into how GBV-C influences HIV 

disease progression by improving the understanding of GBV-C natural history, GBV-C 

E2 protein interactions with cells, and anti-GBV-C E2 antibody inhibition of HIV.  

In the first chapter, I studied the interaction of the GBV-C envelope glycoprotein 

E2 with cell surface receptors.  Because recombinant GBV-C E2 inhibits the entry of 

HIV env pseudotyped particles but not VSV-G pseudotyped particles (Jung et al., 2007), 

we predicted that GBV-C E2 inhibits HIV transduction at the step of entry, when HIV 

envelope proteins interact with cellular receptors and membranes (Fig. 5.1).  It is 

unknown whether GBV-C E2 inhibits HIV attachment to cellular receptors or fusion, 

although recent work with E2 peptides indicates that HIV fusion may be inhibited.  Thus, 

understanding how GBV-C E2 interacts with cellular surfaces and identifying E2 binding 

and entry receptors is critical to understanding how E2 inhibits HIV.  GBV-C E2 may 

bind to a small transient subset of PBMCs, and PBMCs support GBV-C E1/E2 

pseudotyped particle transduction, which explains why GBV-C replicates to such low 

levels in B and T cells (George et al., 2006;Xiang et al., 2000).  However, additional 

studies examining the transduction of GBV-C into PBMC subsets are required to confirm 

this hypothesis.  GBV-C E1/E2 pseudotyped particles do not transduce any of the 

transformed cell lines examined at levels higher than 2-fold above background, which 

suggests that these cell lines lack GBV-C entry receptors (which were present in PBMCs) 

or restrict transduction via restriction factors, and makes further examination of GBV-C 

entry and identification of GBV-C entry receptors difficult.  However, we found that 



125 

recombinant GBV-C E2 binds to multiple transformed cell lines, and we pursued this 

route to identify candidate E2 binding receptors and characterize E2 binding.  I found that 

GBV-C E2 binding is sensitive to trypsin digestion of cellular surface proteins and is not 

sensitive to temperature alterations.   

Utilizing a comparative genomics approach, multiple candidate E2 binding 

receptors were identified by correlating the level of E2 binding with the cDNA 

expression levels in multiple cell lines from the NCI-60 panel.  Multiple candidate 

binding receptors, including HLA-G, HLA-F, CD86 and ADAM10, are being examined 

further with siRNA knockdowns and binding competitions with anti-candidate receptor 

antibodies and recombinant E2.  If we find that knockdown of a candidate receptor 

reduces E2 binding to a cell line which normally binds to E2, we will have to determine 

whether the candidate receptor is also involved in GBV-C E2 binding to PBMCs and 

GBV-C infection.  To determine if a candidate receptor is involved in E2 binding to a 

specific PBMC subset, the candidate receptor can be knocked down in the specific 

PBMC subset which binds to E2.  Conversely, the candidate receptor can also be 

expressed in a PBMC subset which does not normally support E2 binding.  This same 

PBMC subset approach can be used to determine if the candidate receptor is involved in 

GBV-C infection.  However, even though the candidate receptor may be involved in E2 

binding, knockdown of the candidate receptor may not necessarily hamper GBV-C 

infection because other cellular receptors may compensate for the lack of one cellular 

receptor.  This occurs with HCV infection:  although CD81 is involved in HCV 

attachment, knockdown of CD81 does not completely inhibit HIV infection. 
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It is interesting that GBV-C E2 binds to cell lines at higher levels than PBMCs, 

and that GBV-C E1/E2 pseudotyped particles transduce PBMCs at higher levels than cell 

lines.  This discrepancy suggests that there may be multiple receptors involved in GBV-C 

entry, as occurs in HCV entry, and that the cell lines have high levels of an attachment 

receptor and lack an entry receptor, and that a small subset of PBMCs has the correct 

ratio of attachment and entry receptors to allow transduction. 

Although no E2 cellular receptors were definitively identified, the advances 

described here will give future studies a firm foundation for multiple reasons.  First, I 

identified cell lines which bind to E2 at significantly higher levels than the previous cell 

lines examined.  Secondly, I characterized E2 binding with an anti-E2 antibody (7066) 

which is plentiful, unlike the anti-E2 antibody (M5) for which there are insufficient 

quantities available for high-throughput experiments.  Third, I identified promising 

candidate binding receptors which are interesting because of their role in immune system 

activation and differentiation.  Finally, I found that GBV-C E2 binds to a small subset of 

PBMCs, which had not been shown before.  This may explain why GBV-C replication is 

so poor in vitro.  With these advances, future studies to identify GBV-C E2 cellular 

receptors have a greater chance of being successful.  Future studies may include 

developing a high-throughput E2 binding assay to assess E2 binding levels of cells 

transfected with global siRNA pools, or identifying GBV-C E2 binding partners from E2 

cross-linked to plasma membrane preparations of cell lines which bind E2 at high levels 

(786-0 cells) or of PBMCs. 

In the second chapter, I examined how GBV-C E2 antibodies inhibit HIV 

infection by utilizing the tool of pseudotyped particles.  I found that E2 antibodies pull 
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down retroviral particles pseudotyped with GBV-C E1/E2, HIV gp120/41, VSV-G 

envelope proteins, and particles with no viral envelope proteins, which suggests that E2 

antibodies interact with a cellular protein present on the particles (Fig. 5.2).  However, 

only HIV env pseudotyped particles are neutralized; VSV-G and MLV enveloped 

particles were not neutralized.  This suggests that the E2 antibody interaction with 

cellular proteins on the particle blocks the interaction of HIV gp120 with its cellular 

receptors, and not the interaction of VSV-G or MLV envelope proteins with their 

receptors.  Finally, the cellular antigen recognized by E2 antibodies is only found in 

permeabilized cells and is not located at the cell surface, suggesting that the cellular 

antigen may be exposed during virus budding.  Future directions for this research include 

identifying the location of the cellular antigen by confocal microscopy and cross linking 

the cellular antigen to anti-E2 antibodies and identifying the bound proteins by mass 

spectrometry.  Determining which cellular antigen structurally mimics E2 and thus 

interacts with anti-E2 antibodies is necessary to determine how E2 antibodies neutralize 

HIV infection because the cellular antigen is carried on HIV virions.  We are also 

immunizing mice and primates with recombinant GBV-C E2 to elicit anti-E2 antibodies.  

Previous immunization of E2 in rabbits demonstrated that E2 immunization elicits HIV 

neutralizing anti-E2 antibodies and we will determine whether post-immune IgG from the 

mice and primates will also neutralize HIV infection.  Finding an immunogen which 

elicits broadly neutralizing HIV antibodies is important because, so far, immunization 

with HIV gp120 and gp41 has not produced broadly neutralizing antibodies which are 

necessary for an effective vaccine.   
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 In the third chapter, I studied the natural history of GBV-Ccpz in a captive 

chimpanzee population, which had not been previously described.  The prevalence of 

GBV-Ccpz viremia (2.5%) and anti-E2 antibodies (11%) was similar to the prevalence of 

GBV-C viremia (1.8%) and anti-E2 antibodies (11%) in healthy human blood donors.  

The serological response to GBV-Ccpz infection is less clear than GBV-C infection, 

because anti-E2 antibody seroconversion and clearance of viremia occurs in most humans 

and some chimpanzees, but in many of the chimpanzees, E2 antibody occurred 

concomitantly with viremia in animals with transiently detected viremia.  The GBV-Ccpz 

5’ntr and RdRp sequences from this captive chimpanzee population shared a high level of 

sequence identity with each other and with the only nearly full length GBV-Ccpz sequence 

published.  Also, the GBV-Ccpz sequences from chimpanzee subspecies troglodytes and 

verus shared significant sequence identity, so the GBV-Ccpz sequences from chimpanzees 

should be identified with the GBV-Ccpz designation rather than the currently used GBV-

Ctrog designation.  This new understanding of the natural history of GBV-Ccpz in a captive 

chimpanzee population provides the background research necessary for development of 

the chimpanzee as an animal model in which to study GBV-C infections and its 

interaction with HIV in vivo.  This animal model can be used to address questions such as 

why some people are infected with GBV-C for decades and others for only an average of 

two of years.  In addition, the in vivo interaction between GBV-C and HIV (or SHIV) can 

be studied in this model.  Chimpanzees involved in clinical research trials are not 

currently tested for GBV-Ccpz viremia or anti-E2 antibodies.  Because both GBV-C 

viremia and anti-E2 antibodies impact the clinical course in humans co-infected with 

HIV, we hypothesize that GBV-Ccpz may alter the chimpanzee’s response to HIV/SHIV 
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infection or immunization.  Thus, we propose that determining the GBV-Ccpz viremia and 

anti-E2 antibody status is important to the study of HIV vaccine candidates in 

chimpanzees and especially to the study of GBV-C E2 immunizations as HIV vaccines.   

In conclusion, GBV-C inhibits HIV infection via multiple mechanisms.  These 

include downregulation of HIV coreceptors, induction of coreceptor ligand expression, 

and increased interferon activity in dendritic cells.  The studies I described in this 

dissertation describe additional mechanisms of how GBV-C inhibits HIV infection.  I 

found that recombinant GBV-C E2 protein inhibits HIV entry and that anti-GBV-C E2 

antibodies inhibit HIV attachment to cells by interaction with a cellular antigen present 

on the virions (Table 5.1).  Additional studies are necessary to further elucidate the 

mechanisms of GBV-C inhibition of HIV and to develop GBV-C as a novel therapeutic 

for HIV infection. 
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Figure 5.1.  Model of GBV-C E2 inhibition of HIV.  Incubation of recombinant GBV-C 
E2 with cells at 4°C prior to addition of HIV particles inhibits HIV entry.  There are 
multiple steps in HIV entry (CD4 attachment, chemokine receptor binding, membrane 
insertion and fusion), and it is unknown which step GBV-C E2 specifically inhibits.  
Studies by Herrera et al. suggest that E2 peptides inhibit gp41 fusion in cell-cell fusion 
assays (Herrera et al., 2010), so E2 may be more likely to inhibit an HIV fusion step than 
attachment step. 
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Fig. 5.2. Model of anti-E2 antibody inhibition of HIV. Anti-E2 antibodies must be 
incubated with HIV virions prior to infection of permissive cells for HIV attachment 
inhibition (step 2).  Inhibition of anti-E2 antibodies with cells prior to HIV infection will 
not result in HIV inhibition.  Anti-E2 antibodies recognize a conserved cellular antigen 
on HIV virions, because retroviral particles with multiple viral envelope proteins are 
immunoprecipitated, but only HIV gp120/41 enveloped particles are neutralized.  This 
suggests that the anti-E2 antibody interaction with the cellular antigen on the viral 
particle blocks access of HIV gp120 to its cellular receptors, but not VSV-G or MLV env 
to their cellular receptors.  Multiple cellular antigens become part of the virus particle 
during budding (step 1).  Because the cellular antigen is only detected in permeabilized 
cells, and individuals with anti-E2 antibodies do not have autoimmune diseases, this 
suggests that the cellular antigen recognized by anti-E2 antibodies is not present on the 
cell surface. The cellular protein may be in a different orientation in the cell and HIV 
infection changes its orientation in the lipid raft from which the virion buds (B; for inner 
leaflet plasma membrane proteins), or it may normally be located in the Golgi apparatus 
and HIV infection increases its presence in the lipid rafts (A; for proteins retained in the 
Golgi apparatus).
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Table 5.1.  Summary of Mechanisms of HIV Inhibition by GBV-C. 
  Mechanisms of HIV inhibition References 

GBV-C 
infection in vivo 

CCR5 and/or CXCR4 surface expression is 
decreased on CD4+ T cells in GBV-C infected 

individuals 

(Nattermann et al., 
2003;Schwarze-Zander et 

al., 2010) 

GBV-C infection reduces the level of activation 
markers CCR5 and CD38 on CD8+ T cells and 

CD38 on CD4+ T cells 
(Maidana Giret et al., 2009) 

Decreased CCR5 surface expression and increased 
serum levels of RANTES, MIP1α, MIP1β and SDF-1 

are associated with prolonged survival in HIV co-
infected individuals 

(Rowland-Jones, 1999) 

Increased interferon activation in dendritic cells in 
GBV-C - HIV co-infected individuals 

(Lalle et al., 2008) 

GBV-C 
infection in vitro 

GBV-C infection of PBMCs inhibits replication of 
CCR5- and CXCR4-tropic HIV isolates 

(Jung et al., 2005;Xiang et 
al., 2001;Xiang et al., 

2004;Xiang et al., 2005b) 

CCR5 surface expression is decreased in GBV-C 
infected PBMCs 

(Jung et al., 
2005;Nattermann et al., 
2003;Xiang et al., 2004) 

GBV-C infection in PBMCs increased secretion of 
soluble ligands for HIV entry receptors (RANTES, 

MIP1α, MIP1β, SDF-1). 

(Jung et al., 
2005;Nattermann et al., 
2003;Xiang et al., 2004) 

GBV-C NS5A 

Expression of NS5A inhibits HIV replication, 
downregulates CXCR4 and induces expression of 

SDF-1 in a CD4+ T cell line 

(Chang et al., 2007;Xiang 
et al., 2005a) 

16 amino acid domain in NS5A inhibits HIV infection (Xiang et al., 2007) 

GBV-C E2 
protein 

E2-Fc fusion protein inhibits HIV replication and HIV 
env pseudotyped particle transduction, but not VSV-

G pseudotyped particle transduction, in PBMCs 
(Jung et al., 2007) 

Recombinant E2 protein inhibits HIV env 
pseudotyped particle transduction in a dose-

dependent manner in an HIV permissive human 
osteosarcoma cell line 

(Mohr et al., 2008) 

GBV-C E2 
peptides 

E2 fusion peptide (269-286) inhibits HIV gp41 
fusion, as determined by vesicle leakage assays, 

lipid mixing assays, NMR spectral analyses of 
mixed peptides 

(Herrera et al., 2009) 

E2 peptide (133-150) inhibits gp41-induced fusion in 
a cell-based fusion assay; multiple other E2 

peptides inhibit HIV env pseudotyped particle 
transduction of TZM-bl cells 

(Herrera et al., 2010) 

GBV-C E2 
antibodies 

E2 antibodies neutralize HIV infection by 
interacting with cellular proteins carried on the 

virus particle and inhibiting HIV virion 
attachment to cells 

(Mohr et al., 2010) 

Bold = inhibition mechanisms examined in this dissertation.
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